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ACTIVITY OF INTRACELLULAR PHOSPHOLIPASE A1 AND A2 IN GIARDIA LAMBLIA 
Javier Vargas-Villarreal, Brenda Leticia Escobedo-Guajardo*, Benito David Mata-Cardenas, Rebeca Palacios-Corona, 
Elva Cortes-Gutierrez, Mario Morales-Vallarta*, Adriana Sampayo-Reyes, and Salvador Said-Fernandezt 
Division de Biologfa Celular y Molecular, Centro de Investigacion Biomedica del Noreste, Instituto Mexicano del Segura Social. Administracion 
de correo No.4, Apartado postal 020-E, Colonia Independencia, Monterrey, C.P. 64720, Nuevo Leon, Mexico. 
e-mail: salvadorsaid@gmail.com.mx 
ABSTRACT: Neither phospholipase Al (PLA AI) nor phospholipase A2 (PLA A2), nor their respective genes, have been identified 
in Giardia lamblia, even though they are essential for lipid metabolism in this parasite. A method to identify, isolate, and 
characterize these enzymes is needed. The activities of PLA Al and PLA A2 were analyzed in a total extract (TE) and in vesicular 
(P30) and soluble (S30) subcellular fractions of G. lamblia trophozoites; the effects of se¥eral chemical and physicochemical 
factors on their activities were investigated. The assays were performed using substrate labeled with I'C, and the mass of the 
I'C-product was quantified. PLA Al and PLA A2 activity was present in the TE and the P30 and S30 fractions, and it was 
dependent on pH and the concentrations of protein and Ca2+. In all trophozoite preparations, PLA Al and PLA A2 activities were 
inhibited by ethylenediarninetetraacetic acid and Rosenthal's inhibitor. These results suggest that G. lamblia possesses several 
PLA Al and PLA A2 isoforms that may be soluble or associated with membranes. In addition to participating in G. lamblia 
phospholipid metabolism, PLA Al and PLA A2 could play important roles in the cytopathogenicity of this parasite. 
Human giardiasis is prevalent worldwide. Every year, 
500,000 new cases of giardiasis are reported (World Health Or-
ganization, 1996). Approximately 200 million people are af-
fected by giardiasis in Asia, Africa, and Latin America alone. 
Giardia lamblia infection is most frequently manifested in the 
small intestine of humans and other animals (Gadelha et al., 
2005). This parasite exists in 2 morphological forms, i.e., tro-
phozoites and cysts. Cysts transmit giardiasis and trophozoites, 
and then they colonize the host's small intestine, reproduce, and 
cause infection. The flagellated G. lamblia trophozoite is also 
a common cause of skin disorders such as urticaria, angioedema 
(Lammintausta et aI., 2001), ulcers, pruritus (Spaulding, 1990), 
and a topical dermatitis (Pietrzak et aI., 2005). 
The histological effects of giardiasis include attachment of 
trophozoites to intestinal epithelial cells (Gillin et al., 1986), 
followed by villous atrophy, crypt hyperplasia, and epithelial 
cell damage, all of which inhibit the absorption of nutrients, 
especially fat and fat-soluble vitamins (Pietrzak et al., 2005). 
In vitro studies have shown that total extracts of G. lamblia 
trophozoites are cytotoxic for HeLa cells (Gupta, 1989). 
It has been suggested that this parasite is unable to synthesize 
phospholipids, long-chain fatty acids, or sterols de novo (Pib-
son et al., 1999). However, recently, Hernandez and Wasserman 
(2006) found, through bioinformatics studies, that G. intestin-
alis has the genes that code for the enzymes in the cholesterol 
biosynthesis pathway, and they defined the transcription of 4 
genes during encystation and excystation processes. Therefore, 
Giardia trophozoites must obtain at least phospholipids and 
long-chain fatty acids from the proancts of digestion in the 
host's small intestine (Jarroll et aI., 1981). Das et al. (2001) 
reported that this protozoan uses exogenous lipids as precursors 
for the synthesis of membrane and cellular lipids, implying that 
Land's cycle, which facilitates rapid deacylation/reacylation of 
exogenous phospholipids, is present. The A-type phospholipas-
es (PLA A) are essential for Land's cycle, because they gen-
Received 21 January 2007; revised 3 March 2007; accepted 16 March 
2007. 
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erate lysophospholipids and free fatty acids, which are then re-
cycled to produce new phospholipids and fatty acids. 
Phospholipases are classified according to the site at which 
they hydrolyze phospholipid molecules. Phospholipases A, B, 
C, and D have been identified previously (Dennis, 1983). Phos-
pholipase Al (PLA AI) and phospholipase A2 (PLA A2) hydro-
lyze the ester bonds of the first and second carbon molecules 
of glycerol, respectively, releasing free fatty acids and lyso-
phospholipids (Dennis, 1983). Some fatty acids produced by 
PLA A are important substrates for the synthesis of prostaglan-
din, thromboxanes, and leukotrienes (Van den Bosch, 1980). 
Furthermore, because membrane phospholipids can be hydro-
lyzed by PLA A, these enzymes are potent cytolytic compo-
nents in the venoms of various fungi, snakes, and insects. In 
addition, there are well known cytolytic agents (virulence fac-
tors) produced by several parasitic protozoans, e.g., Entamoeba 
histolytica (Long-Krug et aI., 1985; Vargas-Villarreal et al., 
1995; Gonzalez-Garza et al., 2000), Trypanosoma cruzi (Wain-
szelbaum et aI., 2001), Naegleria fowleri (Barbour and Marci-
ano-Cabral, 2001), and Trichomonas vaginalis (Vargas-Villar-
real et aI., 2005). 
Although knowledge of G. lamblia has increased in recent 
years, the biology and biochemistry of this parasite has barely 
been characterized. Moreover, even though PLA A must hy-
pothetically exist in G. lamblia trophozoites (Das et aI., 2001; 
Pope-Delatorre et aI., 2005), the presence of PLA Al and PLA 
A2 in trophozoites has not been verified. Therefore, the aim of 
the present study was to determine the presence or absence of 
these enzymes, and, if present, to characterize the nature of their 
activity. 
MATERIALS AND METHODS 
Parasites 
Giardia lamblia strain IMSS 0989 was used in the entire study. The 
parasites were maintained under axenic conditions by serial subculti-
vation (Cedillo-Rivera et al.,1991) in TYI-S-33 medium containing 
10% (v/v) bovine serum, 0.05 mg/ml bovine bile, 0.02 mg/ml ascorbic 
acid (as recommended by Keister, 1983), and Diamond's vitamin-
Tween 80 mixture (Diamond et ai., 1978). 
Cultivation methods 
Three screw-capped borosilicate tubes containing 5.5 ml of TYI-S-
33 were inoculated with 1 X 103 trophozoites/ml and incubated at 36.5 
980 THE JOURNAL OF PARASITOLOGY, VOL. 93, NO.5, OCTOBER 2007 
C for 96 hr. Each tube was observed with an inverted microscope. The 
tube containing the highest density and mobility of trophozoites was 
cooled in ice water for 10 min before quantifying the density of tro-
phozoites with a hemacytometer (Mata-Cardenas et ai., 1998). Tropho-
zoites were then inoculated as described previously into 3 tubes con-
taining fresh culture medium. This procedure was repeated every 96 hr 
to maintain the reference strain (Mata-Cardenas et ai., 1998). 
Mass cultures 
For the experiments, l-L spinner flasks (Belleo Glass Inc., Vineland, 
New Jersey) containing 600 ml of TYI-S-33 supplemented with 10% 
(v/v) bovine serum, bovine bile, ascorbic acid, and Diamond's vitamin-
Tween 80 mixture (Diamond et ai., 1978) were inoculated with 1 X 103 
trophozoites/ml and incubated at 36.5 C for 96 hr. The cultures were 
chilled in ice water for 10 min and centrifuged at 1,000 g for 15 min 
at 4 C. Trophozoites were washed twice with 10 volumes of phosphate-
buffered saline (pH 7.0) and processed immediately. 
Total extract and subcellular fractions 
A pellet of fresh trophozoites was washed twice and resuspended with 
2 volumes of Hanks' balanced salt solution (BSS: 0.7 mM CaClz, 5.5 
mM glucose, 120 mM NaCl, 5.3 mM KCl, 1.7 mM MgS04, and 1 mM 
Trizma-base [pH 8.0]). The cells were then disrupted with a motor-
driven Elvehjem-Potter Teflon/glass homogenizer (Vargas-Villarreal et 
ai., 1995). Three milliliters of total extract (TE) was divided into 0.5-
ml aliquots and stored in liquid nitrogen until required. The remaining 
TE was centrifuged at 30,000 g for 15 min at 4 C. The resultant su-
pernatant (S30) was stored until used; the pellet (P30) was resuspended 
with 1 volume of BSS, divided into 200-fLl aliquots, and stored at -70 
C. Immediately before starting each experiment, aliquots of TE, P30, 
and S30 were thawed at room temperature and diluted with BSS to 
adjust the protein concentrations to 210 fLg/rnl. 
Phospholipase A assays 
These assays were performed as described previously (Vargas-Villar-
real et al., 1995), with minor modifications. To 1.5 rnl of borosilicate 
conical-bottom vials (Belleo Glass Inc.) were added 1.0 ml of 100 mM 
Trizma-base (pH 8.0), 2 mM Caz+, 0.2% Triton X-100, 0.27 mM phos-
phatidyleholine, and 4 fLCi of 1,2 dipalmitoyl-[2-palmitoyl-P4C]-PC 
([2_14C-PA]-PC [58 mCilmmol]). The radioactive substrate was pur-
chased from PerkinElmer Life and Analytical Sciences (Boston, Mas-
sachusetts). The mixtures were homogenized by sonication with an Ul-
tratip Labsonic System (Lab-Line Instrument Inc., Melrose Park, Illi-
nois) at 40 W for 60 sec. The emulsions were divided into 0.5-ml 
aliquots and stored at -70 C until required. 
The assays were performed in 15- X 15-mm borosilicate test tubes 
containing 20 fLl of substrate and 20 fLl of a solution containing 210 fLg 
of protein of the TE, P30, or S30. After 1 hr of incubation at 36.5 C 
in a water bath, phospholipid hydrolysis was stopped by the addition 
of 25 fLl of a solution containing 1 mg/rnl palmitic acid (PA), 1.0 mg/ 
rnl egg yolk lysophosphatidyleholine (LPC), and 0.75 mg/ml egg yolk 
phosphatidylcholine (PC) in n-butanol containing 5% trichloroacetic 
acid (final volume 65 fLl). 
The radioactivity in PC, LPC, and PA after exposure to TE, P30, or 
S30 was determined using thin-layer chromatography (TLC) as follows. 
After the reaction was stopped, 65 fLl of the reaction solution was trans-
ferred to the center of a 20- X 20-cm silica gel plate (0.25 mm in 
thickness, 60 mesh; Merck, Darmstadt, Germany) and placed into a 
TLC developing tank with a solvent system consisting of chloroform: 
methanol:acetic acid:water in the ratio of 140:40:16:8 by volume. Lipid 
spots were developed by exposing the TLC plates to iodine vapor (Skip-
sky and Barclay, 1969). 
The appearance and relative migration coefficients of PC, LPC, and 
PA spots were compared with those of the following standards (Sigma-
Aldrich, St. Louis, Missouri): for PC, 0.43; for LPC, 0.185; and for PA, 
0.93. The lipid spots were transferred to vials containing 5 ml of scin-
tillation liquid (Biodegradable Counting Scintillant; GE Healthcare, Lit-
tle Chalfont, Buckinghamshire, U.K.), and radioactivity was determined 
as for relatively unquenched samples with a model 3255 Tri-Carb liquid 
scintillation spectrometer equipped with an external standard source 
([2z6Ra]) assembly (PerkinElmer Life and Analytical Sciences). The 
masses of the products of PLA Al or PLA Az activity were estimated 
from the specific activities of the radiolabels. 
Dependence of activity of PLA A, and PLA A2 on amount of 
TE, paD, or sao 
TE, S30, or P30 (20 fLl containing 0-210 fLg of total proteins) and 
20 fLl of substrate were mixed well with the aid of a vortex mixer and 
incubated as described above. The hydrolysis products ([l4C]LPC and 
[l4C]PA) were separated and quantified as aforementioned. 
Effect of pH on PLA A, and PLA A2 activity 
The effect of pH on PLA Al and PLA Az activity was analyzed by 
adjusting the pH of solutions containing 210 fLg of protein of P30 or 
S30 (in 20 fLl). Each preparation was added with 20 fLl of the substrate, 
mixed well, and incubated as described above with appropriate amounts 
of sodium acetate (pH 3.0-6.0) or Trizma-base (pH 7.0-10.0). The as-
say mixtures were incubated for 60 min with substrate, and hydrolysis 
products were separated and quantified as described previously. 
Effects of EDTA, Ca2+, and Rosenthal's inhibitor on PLA A, and 
PLA A2 activity 
Mixtures of P30 or S30 containing 210 fLg of total proteins (in 20 
fLl) plus 20 fLl of the substrate mixture were supplemented with 0, 1, 2, 
or 3 mM ethylenediaminetetraacetic acid (EDTA; Sigma-Aldrich) or 
with 0, 1, 2, or 3 mM CaClz (Sigma-Aldrich) were mixed and then 
incubated for 60 min. The hydrolysis products were separated and quan-
tified as described previously. 
Assay mixtures containing 210 fLg of total protein of P30 or S30 and 
0-120 fLM Rosenthal's inhibitor (in 20 fLl) were incubated for 30 min 
at 36.5 C. Immediately afterward, each preparation was added to 20 fLl 
of the substrate, mixed well, and incubated again for 1 hr at 36.5 C. 
The hydrolysis products ([14C]LPC and [1'C]PA) were separated by TLC 
and quantified as described previously. 
Protein determination 
Protein concentration was determined according to Lowry et ai. 
(1951). 
Statistics 
All experiments were replicated in triplicate. The linearity of the in-
crease in [14C]LPC and [14C]PA was assessed by linear regression with 
95% confidence intervals using the Statistical Package for Social Sci-
ences (SPSS for Windows, standard version 10.0; SPSS Inc., Chicago, 
Illinois). 
RESULTS 
Identification of G. lamblia in PLA A1 and PLA A2 
All 3 trophozoite subcellular fractions were capable of hy-
drolyzing 1,2 dipalmitoyl-[2-palmitoyl-P4C]-PC and the pro-
duction of [l4C]lysophosphatidyl choline or [l4C]palmitic acid 
(Figs. lA, B). The concentrations of [l4C]lysophosphatidyl cho-
line or [l4C]palmitic acid increased linearly as a function of the 
TE dose (r = 0.9704 and 0.965, respectively). Two slopes (m) 
were evident in the plots of the activities of PLA Al and PLA 
Az in the P30 and S30 fractions, 1 slope at low doses (protein 
concentration 0-25 J.Lglml [PLA I , m = 0.115 and 0.234 in the 
P30 and S30 fractions, respectively; PLA Az, m = 0.153 and 
0.174 in the P30 and S30 fractions, respectively D and 1 slope 
at high doses (protein concentration 25-210 J.Lg/ml [PLA AI' m 
= 0.049 and 0.058 in the P30 and S30 fractions, respectively; 
PLA Az, m = 0.049 and 0.039 in the P30 and S30 fractions, 
respectively D. 
Specific PLA Al activity in TE, S30, and P30 hydrolyzed 
135.5, 76, and 63 pmol [2_14C-PAJ-PC/mg/hr, respectively, and 
PLA Az activity was 116, 57, and 76 pnmol [2_14C-PAJ-PCI 
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FIGURE 1. Dose dependence of activities of PLA A, (A) and PLA 
A2 (B). Symbols indicate the mean ::': SE (n = 9) of [,"C]PA or ['''C]LPC 
produced by PLA in TE (~), P30 (e), or S30 (0). [14C]LPC is the 
product of PLA A" and [14C]PA is the product of PLA A2. 
mglhr, respectively. At the highest dose tested (210 f..Lg of pro-
tein), the activity of PLA Al in the S30 fraction was slightly 
greater (1.2 times) than that of PLA A2. The activity of PLA 
A2 in the P30 fraction was 1.3 times greater than that in the 
S30 fraction (Fig. lB). 
. , 
Effect of pH on activities of PLA A1 and PLA A2 
Figure 2 shows that the activities of PLA Al and PLA A2 
peaked at pH 8.0 in all trophozoite preparations. The PLA A2 
activity was greater than that of PLA AI' and it was greatest in 
PLA A2 from S30, which was 1.48 and 2.0 times greater than 
that of PLA Al in the same fraction and in P30, respectively. 
The PLA Al and PLA A2 activities from S30 was greater (1.11 
and 1.4 times, respectively) than that of P30. 
Effect of Ca2+ and EDTA on activities of PLA A1 
and PLA A2 
The activities ofPLA Al in S30 and P30 were increased 3.14 
and 2.81 times, respectively, on being supplemented with 2 mM 
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FIGURE 2. Effect of pH on S30 and P30 PLA A, and PLA A2 ac-
tivity. Symbols indicate PLA A, from S30 (0) and P30 (D) and PLA 
A2 from S30 (e) and P30 (_) (n = 9). 
Ca2+. The PLA A2 activities in S30 and P30 with 1 mM sup-
.. plemental Ca2+ were 1.34 and 3.28 times greater than those of 
untreated controls (Fig. 3A). 
The activities of PLA Al and PLA A2 from S30 and P30 
supplemented with 1 mM EDTA were 2.5 and 4.02 times lower 
than those of untreated assay mixtures (Fig. 3B). Higher con-
centrations of EDTA did not produce any additional effect ex-
cept in the activity of PLA Al from S30, which was almost 
completely inhibited by 3 mM EDTA. 
Effect of Rosenthal's inhibitor on PLA A1 and PLA A2 
Figure 4 shows that the PLA Al and PLA A2 activities of 
P30 and S30 at pH 8.0 diminished as a function of the concen-
tration of Rosenthal's inhibitor. In the presence of 40 f..LM Ro-
senthal's inhibitor, the activity of PLA Al of P30 and S30 de-
creased by 88 and 85%, respectively, and the activity of PLA 
A2 decreased by 45 and 64%, respectively. The dose of Rosen-
thal's inhibitor that produced a 50% decrease in activity in com-
parison with that of the untreated controls (IDso) was 14.7 and 
22.6 f..LM for PLA Al from S30 and P30, respectively, and 12.0 
and 20.0 f..LM for PLA A2 from S30 and P30, respectively. 
DISCUSSION 
Subcellular fractionation is a classical approach to initiate the 
characterization of a biological activity of interest (Hughes et 
al., 1980). We previously showed that a convenient way to an-
alyze the subcellular distribution of E. histolytica hemolytic ac-
tivity was to separate TE just into a particulate (P30) and a 
soluble (S30) fraction, because these protozoans have organ-
982 THE JOURNAL OF PARASITOLOGY, VOL. 93, NO.5, OCTOBER 2007 
30 
o 
~ 20 
I 
0' 
~ 
..... 
-o 10 
rn 
CD 
'0 
E 
c. 
o 
30 
~ 20 
I 
..... 
0 
.. 
... 
..... 
-10 0 
rn 
CD 
'0 
E 
Co 0 
o 1 2 3 
Concentration of Calcium (mM) 
0 1 2 3 
Concentration of EDTA (mM) 
FIGURE 3. Effect of Ca2+ and EDTA on PLA Al and PLA A2. Assay 
mixtures contained 210 fLg of S30 or P30 total protein and various 
concentrations of CaCl2 CA) or EDTA CB). All the reactions were con-
ducted at 36.5 C. Symbols indicate the mean :!: SE Cn = 9) for PLA 
Al from S30 CO) and P30 C.) and PLA A2 from S30 CD) and P30 Ce). 
['4C]LPC is the product of PLA AI' and [l4C]PA is the product of PLA 
A 2· 
. , 
elles less differentiated than mammal cells and PLA A activity 
in nuclei is irrelevant, e.g., P30 from E. histoLytica (Said-Fer-
mindez and L6pez-Revilla, 1982) and T. vaginalis (Vargas-Vil-
larreal et aI., 2005) contains almost all their PLA A, and it is 
associated with membranes. This approach allowed us to locate 
and isolate an E. histoLytica PLA A2 (Vargas-Villarreal et al., 
1998). In accordance with the above-mentioned data, we ana-
lyzed here the subcellular distribution of PLA Al and PLA A2 
in G. Lamblia trophozoites using the subcellular fractionation 
used with E. histoLytica and T. vaginalis. 
Current dose-response results, performed at pH 8.0, suggest 
that G. Lamblia trophozoites possess at least 2 alkaline PLA Al 
and PLA A2 isoforms, 1 isoform associated with membranes, 
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FIGURE 4. Effect of Rosenthal's inhibitor on phospholipase activity. 
The symbols indicate the mean :!: SE Cn = 9) of phospholipase pico-
moles of hydrolysis products of PLA Al C[l4CLPC], 0) or PLA A2 
([l4CPA], e) from S30 of PLA Al CD) or PLA A2 from P30 C.). 
and 1 isoform associated with the soluble forms in the S30 
fraction. The alkaline-soluble and membrane-associated forms 
of PLA Al and PLA A2 predominate, as is the case with E. 
histoLytica (Vargas-Villarreal et al., 1998) and T. vaginalis (Var-
gas-Villarreal et aI., 2003). 
The activities of PLA A2 peaked at 1 and 2 mM Ca2+ in the 
P30 and S30 fractions, but they were inhibited by 1 mM EDTA 
(a Ca2+ chelating agent). Interestingly, PLA Al and PLA A2 in the 
P30 fraction and PLA A2 activity in the S30 fraction were clearly 
observed in the presence of 2 or 3 mM EDTA. Thus, G. Lamblia 
possesses alkaline P,J..-A Al and PLA A2 enzymes. The first is 
independent of Ca2+, and the second dependent on Ca2+, like most 
PLA Al and PLA A2 enzymes, respectively (Dennis, 1983). It is 
interesting that G. Lamblia trophozoites also contain PLA Al and 
PLA A2 having several rare characteristics, including the follow-
ing: (1) all PLA Al and PLA A2 activities clearly detected in this 
study were alkaline, unlike other parasites that have acidic and 
neutral PLA A activities (Vargas-Villarreal et al., 2005); (2) there 
are soluble PLA Al and PLA A2 having direct activity, like T. 
vaginalis, which also has a soluble PLA A2 that is indirect (Vargas-
Villarreal et al., 2005) and E. histoLytica that has no soluble PLA 
A activity; and (3) G. Lamblia trophozoites have a PLA A2 inde-
pendent of Ca2+ and (4) a PLA Al that depends on the Ca cation. 
A rare PLA A2 that is independent of Ca2+ was identified in N. 
fowLeri (Barbour and Marciano-Cabral, 2001). 
Rosenthal's inhibitor is a phosphatidy1choline analog with an 
inverted polar head that binds to the active sites of PLA Al and 
PLA A2 enzymes (Rosenthal and Geyer, 1960). We showed here 
that PLA Al and PLA A2 activities in the S30 and P30 fractions 
were almost completely inhibited by Rosenthal's inhibitor. Ex-
cept for PLA A2 in the P30 fraction that was 50% disabled, E. 
histoLytica and T. vaginalis also possess a PLA A that is not 
affected by Rosenthal's inhibitor (Vargas-Villarreal et al., 
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2005). The resistance to Rosenthal's inhibitor could be derived 
from mutation. Thus, all the aforementioned properties could 
be due to C. Lamblia enzymes that are evolutionarily older than 
those that have been identified in mammalian cells. 
PLA Al and PLA A2 have been studied in a variety of or-
ganisms, and their biological importance has been described. It 
is well known that these enzymes are essential for cells and 
organisms. They have 4 major roles: (1) recycling of exogenous 
phospholipid (Dennis, 1983); (2) metabolic regulation by hy-
drolysis of phospholipids; (3) subsequent release of arachidonic 
acid, a precursor of prostaglandins, thromboxanes, and leuko-
trienes (Van den Bosch, 1980); and (4) cytolysis. 
Das et ai. (2001) proposed that PLA Al and PLA Az must 
be components of Land's cycle, allowing C. lamblia tropho-
zoites to take advantage of exogenous phospholipids (Ellis et 
aI., 1996; Das et aI., 2001). In other parasites, it has been shown 
that PLA A enzymes are involved in various host-parasite in-
teractions. For example, Trypanosoma brucei possesses a PLA 
A2 that is dependent on Ca2+ and catalyzes the release of ar-
achidonic acid, thereby regulating the production of eicosanoids 
(Eintracht et aI., 1998). Spirometra erinacei plerocercoids pro-
duce prostaglandin E2 from arachidonic acid, which may be 
related to a mechanism for larval escape from the host immune 
system (Fukushima et aI., 1993). 
The cytolytic effects of PLA AI and PLA A2 are important 
for the survival of microorganisms and metazoans, e.g., T. bru-
cei (Opperdoes and Van Roy, 1982), or the Mexican gila mon-
ster, HeLoderma horridum (Sosa et aI., 1986), because they hy-
drolyze the phospholipids of plasma membranes of target cells 
directly via a combination of PLA A activity and its hydrolysis 
products. 
The cytopathogenic effect of C. LambLia trophs is still con-
troversial. Although some researchers have observed that C. 
lamblia trophozoites only injure cells superficially (Chavez et 
aI., 1995), others have described severe lesions of the intestinal 
epithelium (Gupta, 1989), and even of the skin (Pietrzak et aI., 
2005). Furthermore, cytolytic effects of cell-free extracts of C. 
Lamblia on cell culture lines have been reported previously 
(Chavez et aI., 1995). All the above-mentioned effects could be 
due to the existence of C. Lamblia strains with different grades 
of cytopathogenicity, to strains that have lost their cytopatho-
genicity, to the presence of inhibitors in the culture medium, or 
to a lack of cofactors, as has been shown for several other 
species of parasitic protozoans. Notwithstanding, the evidence 
of cytopathogenic effects reported by,several workers suggests 
that under appropriate conditions, C. lamblia trophozoites are 
capable of injuring the surrounding tissues. However, no path-
ogenic factor of C. Lamblia has been isolated or identified. We 
postulate that C. lamblia could use some of its PLA AI or PLA 
Az enzymes to injure target cells, as has been shown to occur 
in other parasitic protozoans. 
In conclusion, C. lamblia contains alkaline PLA Al and PLA 
Az similar to those in other organisms, but it also possesses some 
PLA that are atypical with respect to their solubility, Ca2+ and pH 
dependence, and response to Rosenthal's inhibitor; possibly be-
cause C. Lamblia is an ancient protozoan. These enzymes should 
be isolated and further characterized to clarify their importance in 
C. lamblia lipid metabolism and pathogenesis. 
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PARASITE COMMUNITY AND MORTALITY OF OVERWINTERING YOUNG-OF-THE-YEAR 
ROACH (RUTILUS RUTILUS) 
Klaus Knopf, Antje Krieger, and Franz Holker* 
Leibniz-Institute of Freshwater Ecology and Inland Fisheries, Muggelseedamm 310, 12587 Berlin, Germany. e-mail: klaus.knopf@igb-berlin.de 
ABSTRACT: The composition and development of the parasite community of overwintering young-of-the-year (YOY) roach 
(Rutilus rutilus) was studied in outdoor artificial ponds. Cumulative mortality of the roach from November until May was about 
20%, The prevalences of the epizoic ciliates Trichodina sp. and Apiosoma sp., and of the monogeneans Dactylogyrus suecicus, 
Dactylogyrus nanus, and Gyrodactylus sp. in general tended to peak in the beginning of April at a water temperature of about 
8 C. However, mean parasite intensity remained constant over this interval. Prevalence of metacercariae of the digeneans Di-
plostomum cf. spathaceum and Tylodelphys clavata remained constant with values around 60% and 10%, respectively. Larvae 
of the nematode Philometra obturans and the cestode Ligula intestinalis and females of the copepod Neoergasilus japonicus 
were found sporadically. A concept of 2 thresholds, a critical condition factor (attained by a temperature-induced energy defi-
ciency), and a condition-dependent critical infection intensity, which determine winter mortality of YOY, is suggested. 
Knowledge of the parasite community development is of spe-
cial interest in relation to the host's health and understanding 
its ecological consequences. The potential of parasites to impair 
the fitness of their hosts and for population regulation (Dobson 
and May, 1987; Sindermann, 1987; Poulin, 1999; Kennedy et 
aI., 2001) can be of ecological importance in key species that 
playa critical role in an ecosystem, Roach (Rutilus rutilus) is 
a widespread cyprinid in central European freshwater habitats 
with the potential to structure freshwater systems, for example 
directly by a top-down regulation on zooplankton (Cryer et aI., 
1986) or indirectly by trait-mediated effects on microbial min-
eralization (Stief and HOlker, 2006). The year-class strength, 
and thus interannual variation in the young-of-the-year (YOY) 
cohort size, can be attributed to differences in the water tem-
perature during the first few months of life in the warm period 
of the year (Grenouillet et aI., 2001), but winter mortality of 
YOY fish is an additional factor affecting the year-class strength 
of roach (Svardson, 1976; Kubecka and Pivnicka, 1991; Grif-
fiths and Kirkwood, 1995). 
Roach have been the subject of numerous parasitological 
studies, altogether giving a comprehensive knowledge of par-
asites that are more or less commonly found on this fish species, 
Long-term data from England (Kennedy, 1984; Kennedy e.t aI., 
2001) revealed that the cestode Ligula intestinalis and eventu-
ally the digenean Diplostomum spathaceum interact with the 
roach population. However, the interaction of fish and parasites 
may vary in time and space. Studies performed in Finland de-
scribe the seasonality of monogeneans on adult roach (Koski-
vaara et aI., 1991a, 1991b) and the development of the mono-
genean community on the gills of );oach fry during summer 
(Bagge and Valtonen, 1999). To our knowledge, nothing is 
known about the parasite component community of roach dur-
ing their first winter, probably the most critical time in their life 
history (HOlker and Breckling, 2005). This can be explained in 
part by practical difficulties of field sampling during the cold 
season, 
Thus, it was the aim of the present case study to observe the 
composition and development of the parasite community of 
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accepted 10 April 2007. 
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overwintering YOY roach, and to estimate if high-prevalence 
parasites might have an impact on the survival of the fish during 
their first winter. The use of artificial ponds combines advan-
tages of field studies with controlled conditions of an experi-
ment. The fish density in the ponds, as well as the water tem-
perature and quality, were similar to those in the natural habitat. 
Furthermore, an exact determination of mortality was possible, 
since we could exclude selective sampling, differential migrat-
ing of the fish, and losses by predation, 
MATERIALS AND METHODS 
Study design 
In October 2001, YOY roach with a mean length of 50 ::': 7 mm 
were collected by electrofishing in the mesotrophic Lake Dollnsee, in 
northeast Germany. Before the experiment, fish were maintained in aer-
ated tap water at approximately 10 C, and fed ad libitum with zooplank-
ton and flake feed (TetraMin, Tetra, Melle, Germany). To prevent par-
asite-induced losses of the stressed fish under the artificial conditions, 
they were immersed once for 3 days in 10 parts per million FMC (3.4% 
methylene blue and 3.4% malachite green in 37% formalin). 
During the second week of November 2001, wet mass and total 
length of individual fish were recorded. Eight ponds, each with a surface 
area of 40-60 m2 and a depth of 0.8 m, were stocked with approxi-
mately 5 fish per square meter, corresponding to the abundance of YOY 
roach in the littoral zone of the adjacent Lake Mtiggelsee (Okun and 
Mehner, 2005), and without significant differences in total length and 
mass (analysis of variance [ANOYA], n = 1,831, P > 0.05) of the 
fishes between the 8 ponds. Before the experiment, all ponds had been 
dried throughout the summer and cleaned to ensure identical start con-
ditions (no macrophytes, no invertebrate predators, no snails as potential 
intermediate hosts, and no other fishes). To maintain similar environ-
mental conditions in all ponds, they were supplied in parallel with un-
filtered water from Lake Mtiggelsee, and maintained as flow-through 
systems with an inflow of 1-2 L sec-I. Both inlets and outlets of the 
ponds were covered with wire gauze (mesh size 2 mm) to prevent any 
migration of fish into or out of the ponds. Additionally, the ponds were 
covered with nets to deter piscivorous birds and waterfowl. 
The water temperature decreased from 9 C at the beginning of No-
vember to a minimum of 0.5 C in January and finally reached 10 C at 
the end of April (Fig. 1). During this time, water temperature and dis-
solved oxygen were similar in all 8 ponds (repeated-measures ANOYA, 
post hoc analyses, P > 0.05). 
Sample collection and examination 
Two randomly chosen ponds were fished out on 19 December, 7 
March, 5 April, and 6 May, and total length (L,) , wet mass (m), and 
Fulton'S condition factor (k = mL,-3) were determined for the complete 
catch. The condition factor k is a useful parameter for analyzing dif-
ferences in the condition if the fish used for comparison are of approx-
986 THE JOURNAL OF PARASITOLOGY, VOL. 93, NO.5, OCTOBER 2007 
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FIGURE 1. Mean late morning water temperature (:+:SD) in the ponds 
during the period of study. 
imately the same length and for mature fish of the same sex (Tesch, 
1968; Jobling, 2002). The condition factor correlates with the total body 
lipid (Lemly and Esch, 1984) and in starving juvenile roach, k decreases 
according to the reduced size of the muscle caused by the mobilization 
of protein and fat (van Dijk et ai., 2005). To exclude allometric size-
dependent influences on k, the size-adjusted k of a 50-mm standard fish 
was calculated on the basis of the mass-length relationships of roach 
within each pond (cf. van Dijk et ai., 2005). Subsequently, the adjusted 
k values were compared with the critical k value (ked') of a 50-mm roach 
using knit = 0.4796 + 0.0232L, = 0.60 according to Holker (2000) and 
Holker and Breckling (2005). This relationship between ken' and L, is 
based on starvation experiments with roach of 1.2-300 g wet mass at 
temperatures ranging from 5 to 20 C; knit values were determined as 
minimum values of individual roach within 11 length classes. 
The mortality was determined as the difference between the number 
of fish found when the ponds were fished out and the number of fish 
stocked initially. For a thorough fishing out, the water was completely 
released from the ponds by opening the monk, but not the grid. To be 
on the safe side, the dried pond was controlled for roach. In April, 
mortality was determined for only 1 pond because by mistake the grid 
and the monk were opened at the same time and, thus, several fish 
escaped from the second pond. 
Samples of 15 roach (in December) or 20 roach (in March, April, 
and May) from each pond were selected at random for parasitological 
examination. The fish were killed by cervical dislocation immediately 
before examination and were checked for parasites in the eyes, on the 
4 gill arches from the left side of the fish, on the anal fin, in the body 
cavity, in the intestinal tract, and in the swim bladder. Additionally a 
smear preparation from the skin and squash preparations of the liver, 
kidney, and a piece of muscle from the caudal peduncle were examined. 
All examinations were performed by means of light microscopy (X 10-
400 magnification). The terms prevalence and intensity of a parasite 
species describe the proportion of the roach infected and the number of 
parasites per infected roach, respectively. Intensities of epizoic ciliates 
were recorded by estimating the number of specimens per gill arch and 
on the anal fin (absent; <5, rare; 5-20, freg\lent; >20, very frequent). 
Intensities of the metazoan parasites were 'recorded after counting the 
parasites. 
Statistical treatment 
The mean adjusted k values, mean parasite prevalences, and mean 
parasite intensities determined for each of the 8 ponds were compared 
by ANOV A. Although standard deviations were not used for statistical 
analysis, they are presented to illustrate the variability of these param-
eters within ponds. To test if variances of adjusted k within 1 pond 
changed during the experiment, Levene's test for equality of variance 
was applied. Fish mortality was examined by regression analysis. To 
determine if parasite intensity and prevalence depend on condition of 
the host, only data from the overwintering period, i.e., December-April 
(indicated by low water temperature and no increasing k), were used. 
Spearman's rank correlation coefficient was used to detect a link be-
tween parasite intensities and k of the hosts. A chi-square test, with 
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FIGURE 2. Condition factor (k) of the YOY roach adjusted to a total 
length of 50 mm. The gray line indicates the critical k-value 0.60 cal-
culated according to Holker and Breckling (2005). Horizontal lines in 
the boxes denote the 25th, 50th, and 75th percentile values; error bars 
denote the 5th and 95th percentile values. The symbols below and above 
the error bars denote the Oth, 1st, 99th, and 100th percentiles. The 
square in the box denotes the mean of the data. Sample sizes: Novem-
ber, 1,831; December, 153 and 163; March, 203 and 190; April, 127 
and 197; May, 189 and 183. 
Yates' correction, was used to check if the prevalence of parasites dif-
fered significantly between YOY roach with k < 0.7 compared with the 
better-conditioned specimens. Significance was accepted when P :5 
0.05. Statistical analyses were performed with SPSS 9.0 (SPSS, Chi-
cago, Illinois). 
RESULTS 
Host condition and mortality 
The mean adjusted k of roach did not change significantly 
from November until the beginning of April; however, subse-
quently it increased significantly from April to May (ANOY A, 
n = 8, P -s 0.01; Fig. 2). From November to April, the adjusted 
k of maximally 8% of all fish was below 0.60 assumed as kCtit 
for 50-mm roach (HOlker, 2000; HOlker and Breckling, 2005; 
Fig. 2). Yariances of adjusted k decreased from November to 
April and were not homogeneous (Levene test, P -s 0.001; Fig. 
2). Fish mortality over time was best described by an asymp-
totic relationship (r2 = 0.9; n = 8; P -s 0.001), resulting in a 
total mortality of about 20% at the end of the experiment (Fig. 
3) .. 
Parasite community 
Ciliate species of Trichodina and Apiosoma commonly oc-
curred on the gills, skin, and fins. From December to March, 
the prevalence of Trichodina sp. remained at low levels (max-
imally 10%), but it increased from 10% in March to 73% in 
April (ANOYA, n = 8, P = 0.066; Fig. 4). In May, the prev-
alence of Trichodina sp. decreased to 50% (Fig. 4). A similar 
course was also observed for Apiosoma sp. (Fig. 4). 
The mean intensities of the ciliates did not change signifi-
cantly over the period of study. The numbers of Apiosoma sp. 
and Trichodina sp. on the surface of the gills or anal fin of the 
majority of roach were 1-5 specimens of each species (Fig. 4). 
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FIGURE 3. Cumulative mortality of young-of-the-year roach when 
stocked in November and examined in December, March, April, and 
May. 
Among the most prevalent parasites found on the fish were 
3 monogenean species: Dactylogyrus suecicus and Dactylogy-
rus nanus on the gills, and Gyrodactylus sp. that occurred on 
the skin, fins, and on the gills. The prevalence of the 2 Dac-
tylogyrus species showed significant temporal variations (AN-
OVA, n = 8, P :S 0.05; Fig. 5). The prevalence of D. suecicus 
found on the gills increased from 0% in December and 20% in 
March to a peak value of 53% in April, and decreased to 18% 
in May. Similarly, the prevalence of D. nanus increased from 
3% in December and 13% in March to a peak value of 63% in 
April, and decreased to 35% in May. A similar, although not 
significant, course was found for the prevalence of Gyrodac-
tylus sp., which increased from 0% in December to 10% in 
March, 48% in April, and remained at this level in May (Fig. 
5). In summary, the total prevalence of monogeneans on the 
gills increased significantly from only 3% in December to a 
maximum of 90% April, and then decreased to 53% in -May 
(ANOV A, n = 8, P :S 0.01; Fig. 6). Similarly to the ciliates, 
the mean intensities of the monogeneans did not change sig-
nificantly over the experimental period (Figs. 5, 6). 
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Metacercariae of digeneans were commonly found in the 
eyes of the fish (Table I). Specimens in the lens, belonging to 
the species Diplostomum spathaceum or Diplostomum pseudos-
pathaceum, are identified as Diplostomum cf. spathaceum; Ty-
lodelphys clavata was found in the vitreous body. The preva-
lence and mean intensity of the metacercariae of neither of the 
2 digenean species showed significant differences between the 
sampling times (Table I). 
Sporadically, single individual larvae of the nematode Phi-
lometra obturans were found in the vitreous body of the eyes 
(Table I). Further sporadic findings included 1 plerocercoid of 
the tapeworm L. intestinalis in the body cavity, and the ergasilid 
copepod Neoergasilus japonicus on the fins (Table I). 
Examination of the intestinal tract, the swim bladder, and 
squash preparations of liver, kidney, and muscle did not reveal 
any parasites. 
Spearman's rank correlation using all data sets obtained from 
December until April revealed significant positive correlations 
between the intensity of the epizoic ciliate Trichodina sp. and 
the gill monogenean D. nanus, and adjusted k of the hosts (r 
= 0.338; P < 0.001 and r = 0.218; P = 0.05, respectively). 
From December to April the same parasites also showed sig-
nificantly lower prevalences in the hosts with k < 0.7 compared 
with the better-conditioned hosts (Trichodina sp. 13% and 50%, 
P :S 0.001; D. nan us 18.5% and 37.5%, P :S 0.05, n = 110). 
DISCUSSION 
Fish mortality and condition 
The observed mortality of about 20% of the fish in this ex-
periment confirms that winter mortality of yay roach is an 
important factor affecting the year-class strength (Svardson, 
1976; Kirjasniemi and Valtonen, 1997). Under natural condi-
tions, mortalities of 16-39% were observed in other studies on 
yay roach (Kubecka and Pivnicka, 1991; Griffiths and Kirk-
wood, 1995). 
From November to May in the present study, mortality of 
roach was mainly observed until April, coincident with the 
phase of a water temperature below 8 C. During the cold sea-
son, roach are weakened by reduced winter feeding and energy 
reserves are depleted (van Dijk et aI., 2005), and under early 
spring conditions (between 5 and 10 C) the temperature effect 
on routine metabolic rate in juvenile roach, i.e., on energetic 
Apiosoma sp. 
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FIGURE 4. Prevalence and estimated intensity of the ciliates Apiosoma sp. and Trichodina sp. on the gills or anal fin (or both) of young-of-
the-year roach. Samples from 2 ponds were taken in December, March, April, and May. 
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FIGURE 5. Prevalence and mean intensity (±SD) of monogeneans of young-of-the-year roach. Samples from 2 ponds were taken in December, 
March, April, and May. Data were obtained from the 4 gill arches from the left side of the fish and the anal fin. The number of infected fish is 
given in the columns. 
losses, is extremely high (HOlker, 2006). Evidence that mortal-
ity was associated with a temperature-dependent depletion of 
the energy reserves arises from the fact that until the beginning 
of April, the adjusted condition factor (k) of a few fish (maxi-
mally 8%) fell below kccit of 0.60. The observation that the 
variability of k decreased from November to April, but mean k 
remained constant during that time, can be explained by 2 over-
laid processes: first is a continuous decrease of k due to star-
vation and, second, there is mortality of the weakest fish with 
a k below the critical value (Fig. 7). 
Parasite community 
Considering prevalence and intensity, the parasite component 
community of the YOY roach was dominated by the ciliates 
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Trichodina sp. and Apiosoma sp., the monogeneans D. suecicus, 
D. nan us, and Gyrodactylus sp., and the digeneans D. d. spa-
thaceum and T. clavata. Three other parasite species, namely 
P. obturans, L. intestinalis, and N. japonicus (d. Knopf and 
HOlker, 2005), were found only sporadically, with very low 
prevalences; these parasites appear to be of minor importance 
in the present study and thus are not further discussed. 
High infrapopulations of the ciliates Trichodina sp. and Apio-
soma sp. are commonly found on fish that are stressed, for 
example by harsh winter conditions (Lorn, 1995). Thus, sea-
sonal fluctuations in the number of these ciliates, with a max-
imum in late winter or spring, are typical for warm-adapted fish 
species such as the roach. This general pattern easily explains 
the population growth of the epizoic ciliates on the YOY roach 
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FIGURE 6. Prevalence and mean intensity (±SD) of the monogenean community on the gills of young-of-the-year roach. Samples from 2 
ponds were taken in December, March, April, and May. Data were obtained from the 4 gill arches from one side of the fish. The number of 
infected fish is given in the columns. 
TABLE I. Prevalence in percent. and mean intensity (± SD) of eye flukes 
and low-prevalence parasites of young-of-the-year roach during winter . 
Samples from 2 ponds were taken in December, March, April, and May. 
Parasite species 
Diplostomum cf. spathaceum 
Tylodelphys clavata 
Philometra obturans 
Ligula intestinalis 
Neoergasilus japonicust 
-, not found. 
* Only 1 roach infected. 
t* Only anal fin examined. 
Month 
December 
March 
April 
May 
December 
March 
April 
May 
December 
March 
April 
May 
December 
March 
April 
May 
December 
March 
April 
May 
Prevalence Intensity 
46.7 2.1 (0.9) 
60.0 2.3 (1.2) 
40.0 2.6 (2.5) 
80.0 2.3 (1.1) 
65.0 2.1 (1.0) 
60.0 2.3 (1.4) 
80.0 2.3 (1.2) 
60.0 2.2 (0.9) 
13.3 1.0 (1.0) 
26.7 3.0* 
15.0 1.7 (0.6) 
10.0 1.0 (0.0) 
5.0 1.0* 
10.0 1.0 (0.0) 
20.0 1.3 (0.5) 
10.0 1.5 (0.7) 
5.0 1.0* 
5.0 1.0* 
5.0 1.0* 
6.7 1.0* 
6.7 2.0* 
5.0 1.0* 
5.0 1.0* 
characterized by a maximal prevalence 'at the beginning of April 
in the present study. 
The same 2 Dactylogyrus species found on the overwintering 
YOY roach, as well as a Gyrodactylus species, were also found 
on roach fry in central Finland examined from late June to the 
beginning of October (Bagge and Valtonen, 1999). The popu-
lation growth of the monogeneans on the overwintering YOY 
roach was similar to that of the ciliates, being characterized by 
a maximal prevalence at the beginning of April coincident with 
a water temperature at about 8 C. This correlation has also been 
observed for Gyrodactylus sp. on adult roach in central Finland, 
where this temperature occurs in June (Koskivaara et aI., 
1991a). Furthermore, a similar seasonality in the infection in-
tensity with peak values in May and June was described for 
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FIGURE 7. Concept of 2 thresholds determining the mortality of 
overwintering YOY roach, combining the impact of temperature-in-
duced decreasing host condition (k) and increasing parasite intensity (I) 
on the mortality of overwintering YOY roach. Closed and open circles 
represent individual fish at the beginning and the end of winter, respec-
tively. Fish die if k or I go beyond 1 of the 2 thresholds, the critical k 
(kcri,) and the critical I (lerit)' indicated by crossed circles. Note: Mortality 
beyond the thresholds can result in constant mean k (km ) and mean I 
(1m)· 
Dactylogyrus species on older roach from the same region (Ko-
skivaara et al., 1991b). The mean intensity of the total mono-
genean infection on the gills of our YOY roach in early spring 
(2.1 to 2.6 worms on the gills from the left side of the fish) 
was in the range of the mean intensity determined for wild 
roach fry during the summer months in Finland (Bagge and 
Valtonen, 1999). 
Water temperature is assumed to be an important factor con-
trolling the occurrence of monogeneans (Chubb, 1977; Koski-
vaara et aI., 1991b; Simkova et aI., 2001). The latter authors 
found that the abundance of common Dactylogyrus species on 
roach, among them D. nanus and D. suecicus, increased with 
increasing water temperature. However, it is evident from other 
field studies (Chubb, 1977; Koskivaara et aI., 1991a, 1991b) 
that water temperature is not the only factor determining growth 
of monogenean infrapopulations, and that other abiotic and bi-
otic factors may superimpose the effect of temperature (Chubb, 
1977). Because acquired immunity may playa crucial role in 
the defense of fish against monogeneans, the temperature-de-
pendent variation of antibody production (slow or not detect-
able below 10 C) has been used to explain seasonal variations 
in the prevalence of some monogeneans (Chubb, 1977). 
It is a general observation that trichodinids often occur in 
association with monogeneans (Lorn, 1995). Therefore, one 
might assume that both ciliates and monogeneans benefit from 
similar factors prevailing during late winter and spring. The 
severely restricted immune capacity, combined with energy de-
pletion during the cold season, reduces the resistance of the fish 
against parasite infections and might be the primary reason for 
the observed seasonality in the prevalence of the opportunistic 
ciliates and of the monogeneans. 
Metacercariae of the eye flukes D. cf. spathaceum and T. 
clavata were found with constant prevalence and mean intensity 
over the entire investigational period. Cercariae of D. spatha-
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ceum emerge from snails (first intermediate host) and success-
fully infect fish (second intermediate host) at temperatures as 
low as 7 C (Lyholt and Buchmann, 1996). Because the ambient 
water temperature was below this threshold temperature from 
the fourth day after stocking the ponds until the middle of 
March in the following year, most likely roach were already 
infected when caught in their natural habitat. For T. clavata, 
the situation is less clear because field studies performed by 
Burrough (1978) in England showed that infection of roach 
occurs mainly from August until January, i.e., infection of 
roach might have occurred at the low water temperatures pre-
vailing during our study. However, T. clavata has not been 
shown to have a deleterious effect on the fish host (Burrough, 
1978; Kennedy, 1984). Consequently, since there was no in-
creased prevalence of T. clavata, it is unlikely that the fish 
acquired this parasite during our study. Probably, they were also 
already infected with this eye fluke when collected. 
Parasite-induced mortality 
The intensities of both the epizoic ciliates and the monoge-
neans did not significantly change over the experimental period, 
although prevalences of these parasites showed temporal vari-
ation. This suggests that winter mortality of the YOY roach 
proceeds independently of parasite intensities. 
However, parasites might playa subtle role in controlling the 
cohort size of YOY roach during their first winter. At a point 
when the capability to compensate for an elevated metabolic 
demand due to additional stressors is at its lowest point, exter-
nal stressors can become lethal (Lemly, 1996). There is evi-
dence that parasites can act as stressors (Lemly, 1996; Stoltze 
and Buchmann, 2001; Sures et ai., 2001), and thus they can 
contribute to the energy deficit as shown for metacercariae of 
Uvulifer ambloplitis in juvenile bluegill sunfish (Lemly and 
Esch, 1984). Assuming that even low intensities of Trichodina 
sp. and D. nanus increase the energy demand of the YOY 
roach, in which stored energy reserves easily become limiting 
for the survivorship throughout winter (H6lker and Breckling, 
2005), one could hypothesize that the positive correlation.be-
tween the intensities of these parasites and the adjusted kin" 
dicates that in the long term and under natural conditions the 
better-conditioned hosts are able to cope with a higher parasite 
burden compared with the weaker specimens (Fig. 7). Accord-
ingly, Krist et ai. (2004) found for the snail Potamopyrgus an-
tipodarum infected with the trematode Microphallus sp. that 
hosts of poor condition suffered from ,a, higher parasite-induced 
mortality than hosts in good condition. 
At first view, the positive correlation between k and the in-
tensities of Trichodina sp. and D. nanus appears to contradict 
the finding of Lemly and Esch (1984), who found a negative 
correlation between k and the number of metacercariae of U. 
ambloblitis in juvenile bluegill sunfish, but in contrast to the 
present study they examined both the surviving fish and the fish 
that died during winter. The negative correlation between par-
asite intensity and condition of the host (k and total body lipid) 
was mainly caused by the latter and explained by the intensity-
dependent parasite-induced depletion of energy reserves. In the 
present study, only surviving fish were available for examina-
tion and the positive correlation between parasite intensities and 
k might reflect the higher resistance of better-conditioned YOY 
roach. 
In conclusion, on the basis of the present data and without 
uninfected controls it remains very difficult to assess the precise 
role of parasites in determining overwinter survival of YOY 
roach and to distinguish parasite-induced mortality, if any, from 
the fatal effect of energy depletion and other reasons for death. 
The concept of 2 thresholds determining mortality is promising 
but needs further exploration and extended empirical support. 
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ENVIRONMENTAL FACTORS INFLUENCING COMMUNITY COMPOSITION OF 
GASTROPODS AND THEIR TREMATODE PARASITES IN SOUTHERN ONTARIO 
Janet Koprivnikar, Robert L. Baker, and Mark R. Forbes* 
Department of Ecology and Evolutionary Biology. University of Toronto, Toronto, Ontario, Canada, M5S 3B2. 
e-mail: janet.koprivnikar@stonebow.otago.ac.nz 
ABSTRACT: Agricultural activity and landscape features have previously been associated with diversity and prevalence of trem-
atode species in amphibian second intermediate hosts. In this study, the density, diversity, and size of snail first intermediate 
hosts, and the diversity and prevalence of their trematode species, were assessed in 2 types of ponds, i.e., those adjacent to 
cornfields and those from the same region in southwestern Ontario that were adjacent to nonagricultural settings. Species of 
trematodes included, but were not restricted to, those that are known parasites of larval and adult frogs. We also assessed landscape 
factors likely to influence use by definitive hosts. Presence of the herbicide atrazine in ponds was measured to check that ponds 
adjacent to agriculture had potential to be affected by agricultural runoff. Both snail size and the proportion of snails releasing 
cercariae were greater in nonagricultural ponds, contrasting with a previous finding of lower trematode infection in tadpoles from 
nonagricultural ponds. Percentage of forest cover was associated with prevalence of certain trematode species, but not with 
estimates of combined prevalence. Absence of relations of trematode prevalence to measures of road density also contrasted with 
previous studies. We interpret our results in light of how agricultural activity might influence trematode viability, snail growth, 
and use by wildlife definitive hosts, independently of landscape factors. 
The community ecology of parasites has a rich tradition and 
often requires that multiple species involved in parasite trans-
mission and success be sampled to understand infection patterns 
(Esch et aI., 2001). Because of the link between anthropogenic 
disturbances and abundance of particular species, many re-
searchers have recently focused on factors influencing parasite-
host associations and how this relates to parasite and disease 
facilitation (e.g., Daszak et aI., 2000, 2001). In particular, many 
studies have examined the heterogeneity of trematode parasite 
infections across populations of gastropod intermediate hosts 
(Kuris, 1990; Sousa, 1990; Williams and Esch, 1991; Kuris and 
Lafferty, 1994). These studies make it clear that one of the most 
important factors affecting heterogeneity is distribution of final 
hosts; this is particularly true where final hosts are birds (Hech-
inger and Lafferty, 2005). This is not surprising given that prev-
alence and species richness of trematodes in host species 
"downstream" in the parasite life cycle are expected to increase 
with the prevalence and species richness of "upstream" hosts 
(Combes, 2001). 
Host and vector abundance are often related to landscape 
features (Esch and Fernandez, 1993; Jokela and Lively, 1995; 
Zelmer et aI., 1999); thus, habitat alterations can alter parasite 
prevalence by changing the likelihood of transmission between 
hosts (Lafferty and Kuris, 1999). For example, deforestation 
can increase malaria transmission because it often results in an 
increase in suitable breeding habitat for mosquito vectors (De-
sowitz, 1981). Similarly, lower prevalence of trematodes in 
horn snails from disturbed areas is likel,. due to decreased abun-
dance of avian final hosts (Lafferty, 1997). 
The increased prevalence of limb deformities in amphibians 
(Johnson et aI., 2003) caused by the digenetic trematode Ri-
beiroia ondatrae (Johnson et al., 1999) has recently focused 
attention on how environmental factors may influence infection 
in these second intermediate hosts, as well as the first inter-
mediate hosts (snails) and their trematodes. For example, nu-
trient loading of ponds in agricultural areas may cause eutro-
Received 2 December 2006; revised 4 April 2007; accepted 5 April 
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phication-induced shifts in gastropod density and species as-
semblages (Chase, 2003; Johnson and Chase, 2004), and thus 
increase risk of infection by certain trematode species for am-
phibians. In addition, agricultural pesticides in ponds can re-
duce amphibian immunocompetency and increase the preva-
lence of both R. ondatrae and Telorchis species; Kiesecker 
(2002) found frog deformities due to R. ondatrae were more 
common at field sites where pesticides were detected. A field 
survey (Koprivnikar, Baker, and Forbes, 2006) found preva-
lence of trematode infection in grey tree frog tadpoles was high-
er in ponds adjacent to cornfields compared with ponds adjacent 
to nonagricultural land. In addition, prevalence of Alaria sp. 
was linked to forest cover, which likely stemmed from the hab-
itat requirements of the canid definitive hosts. In sum, environ-
mental effects can be mediated through susceptibility and/or 
abundance of the final host, intermediate host, or vector, as well 
as parasite abundance and infectivity (Lafferty and Kuris, 
1999). 
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We examined associations between environmental factors, 
snails, and their trematode parasites for ponds adjacent to corn-
fields and ponds adjacent to nonagricultural settings in southern 
Ontario, Canada. We hypothesized that density of snails might 
be higher in agricultural ponds based on our earlier finding that 
tadpoles from ponds adjacent to cornfields exhibited a higher 
trematode prevalence than tadpoles from ponds adjacent to non-
agricultural settings. We also measured other factors that were 
suspected of influencing definitive host occurrence, e.g., road 
distance, forest cover, and pond size. We expected that land-
scape would have an effect on trematode infection in snails 
similar to that observed for tadpoles, which could be interpreted 
in terms of habitat requirements of definitive hosts. However, 
here, we only assessed landscape features and not visitation 
rates by definitive hosts per se. We also assessed pH and atra-
zine presence, which are known or suspected of influencing 
other important aspects of trematode transmission, including re-
lease or survival of cercariae and immunocompetence of frogs. 
Our primary interest was in determining whether our environ-
mental variables differed between pond types, and whether 
there were any relationships with snail and trematode occur-
rence that might relate to trematode parasitism in tadpoles from 
the same region. 
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FIGURE 1. Location of ponds sampled for snails in southern Ontario, July 2005. Lettered ponds indicate those with nonagricultural surroundings, 
those indicated with numbers were located adjacent to a cornfield. 
MATERIALS AND METHODS 
Fourteen ponds in southern Ontario were chosen for study in July 
2005, based on accessibility and location within a 120-km radius to 
minimize regional differences, e.g., rainfall and temperature. Seven 
were adjacent to cornfields, and 7 were adjacent to nonagricultural set-
tings. Ponds were selected so that agricultural ponds and ponds expected 
not to be influenced by agriculture were interspersed (Fig. 1). Each pond 
was visited once in a randomly chosen order within 1 of 2 pond clusters, 
with 1 cluster near the city of Guelph and the other near the city of 
Hamilton. Four of the ponds (2 of each type) were included in a pre-
vious study showing that grey tree frog tadpoles had higher prevalence 
of trematode infection in agricultural ponds (Koprivnikar, Baker, and 
Forbes, 2006). 
Three liters of water was collected from each pond, refrigerated, and 
analyzed within 1 wk for the herbicide atrazine (commonly used on 
corn) and pH by Laboratory Services at the University of Guelph 
(Guelph, Ontario, Canada). Two people collected snails in each pond 
for 30 min to obtain an estimate of relative snail density. Snails were 
collected by examining submerged and emergent vegetation within 5 m 
of the pond edge and up to 1 m in depte,'removing all visible snails 
one by one. Snails were transported to the lab and examined for release 
of cercariae by placing them individually into 50-ml plastic vials con-
taining dechlorinated water and exposing them to light and heat from 
a 100-W incandescent bulb for 4 hr. Given molluscs can accumulate 
pollutants that impair cercariae development (Cross et ai., 2005) and 
release (Ibrahim et ai., 1992), and that trematode prevalence in second 
intermediate hosts is dependent on cercariae abundance, we were pri-
marily interested in the number of snails actually releasing cercariae, as 
opposed to simply being infected. Due to unexpected mortality after 
exposure to heat and light to induce cercariae emergence, dissection of 
snails for examination of developing cercariae was not possible. Live 
cercariae stained with 0.1 % Nile blue sulfate and specimens fixed with 
Gower's acetic carmine stain were used for identification using a key 
to cercariae in Schell (1984) and descriptions in Olsen (1974). Snails 
were identified according to Peckarsky et ai. (1990). 
Landscape variables, including pond surface area, mean nearest road 
distance (using the closest roads to the north, south, east, and west of 
.the pond), absolute distance to the nearest road, and percentage of forest 
cover within 100 and 500 m of the pond were extracted using ArcGIS 
(ESRI, Redlands, California) and digital 1: 10,000 Ontario Base Maps 
(Ontario Geospatial Data Exchange, Land Information Ontario, Ontario 
Ministry of Natural Resources, Peterborough, Ontario, Canada). The 
100- and 500-m distances were used to include possible scale differ-
ences in definitive host habitat use. Roads can act as barriers but also 
conduits for wildlife and thereby they might affect pond use by defin-
itive hosts (Houlahan.and Findlay, 2003; Urban, 2006). 
Prevalence was calculated for each trematode species for snails sam-
pled from each pond based on release data; we also calculated a "com-
bined cercariae release" (where combined cercariae release is the pro-
portion of snails releasing 1, or more, trematode cercariae of 1, or more, 
species). We also calculated proportion of snails in each pond releasing 
either Alaria sp. or Echinostoma trivolvis ("tadpole species cercarial 
release"); this allowed comparison with results from our previous tad-
pole study (Koprivnikar, Baker, and Forbes, 2006). Similarly, we cal-
culated proportion of snails (Helisoma trivolvis and Stagnicola elodes 
from our set of ponds) that were possible hosts for Alaria sp. or E. 
trivolvis. We arcsine square-root transformed all prevalence values and 
used stepwise linear regressions to analyze the relationship of preva-
lence (combined and for each trematode species separately) or number 
of infected snails to the following variables: agricultural activity, atra-
zine presence, forest cover, pond area, closest road, average road dis-
tance, snail density, and snail size. Environmental factors were excluded 
if they showed minimal variation among sites, e.g., pH for all ponds 
ranged from 7.6 to 8.0, and it was not considered further. Relative snail 
density in each pond (number collected per minute of sampling) was 
10glO transformed, and the total proportion of H. trivolvis snails (the 
most abundant species) greater than 1 cm in length in each pond was 
calculated and arcsine square-root transformed. Simpson's index of di-
versity (D) (Rosenzweig, 1995) was calculated for both snail and trem-
atode species, respectively. These measures were also subjected to the 
same type of regression analyses. 
A I-tailed Fisher's exact test was used to test for a difference in 
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atrazine presence between agricultural and nonagricultural ponds. Land-
scape variables were entered into a principal components analysis 
(PCA), with component scores for the first 3 axes calculated for each 
pond (Rojas-Soto, 2003); t-tests were used to test for differences in pond 
component scores for the first 3 axes between the 2 pond types. All 
analyses were performed with SPSS 13.0.1 (SPSS Inc., Chicago, Illi-
nois). 
RESULTS 
Between 11 and 309 snails were collected from ponds (Table 
I). Six different species were identified: Goniobasis sp., S. elo-
des, Lymnaea stagnalis, Physella sp., Promenetus sp., and H. 
trivolvis, with the last being most common (70.50 + 8.82% of 
all snails in the 14 ponds). Linear regressions for snail-related 
measures resulted in 1 significant model only, for H. trivolvis 
length (adjusted R2 = 0.294; F 1,13= 6.403; P = 0.026), because 
nonagricultural ponds tended to have larger snails. Neither snail 
density, proportion of either H. trivolvis or S. elodes snails, nor 
Simpson's index of diversity was significantly correlated with 
any individual variable; thus, no models were obtained for these 
measures, 
Trematode species released by snails included E, trivolvis, 
species of Alaria, Megalodiscus, Haematoloechus, Spirorchis, 
and Halipegus, as well as an unidentified magnacaudal species 
(Fig. 2). Final models could not be obtained for Alaria, Me-
galodiscus, Haematoloechus, Spirorchis species, or for Simp-
son's index of diversity for trematode species. However, the 
final linear regression model for combined cercariae release was 
significant, and it included agricultural activity and distance to 
the closest road (adjusted R2 = 0.590; F2,12= 10.368; P = 
0,003). A greater number of infected snails was found in ponds 
in which atrazine was not detected (adjusted R2 = 0,399; F 1,13= 
9,621; P = 0,009). The model for release of cercariae species 
that infect tadpoles was also significant, and it included agri-
cultural activity, average road distance, and percentage of forest 
cover within 100 m (adjusted R2 = 0.905; F3,11= 42.297; P < 
0.0001). For both measures, a greater proportion of snails from 
nonagricultural ponds released cercariae. Release of tadpole-
infecting cercariae also increased with greater average road dis-
tance and forest cover. Similarly, more snails from nonagri.l:;ul-
tural ponds released E. trivolvis cercariae, with the significant 
model also incorporating average road distance and percentage 
of forest cover within 100 m (adjusted R2 = 0.923; F 3,11 = 
52.691; P < 0.0001). The model for Halipegus sp. (adjusted R2 
= 0.235; Fl,13 = 4.995; P = 0.045) included a positive rela-
tionship with average road distance only, with no effect of ag-
riculture. ~ , 
It should be noted that pond e, the lone nonagricultural pond 
in which atrazine was detected, could be reclassified as a site 
influenced by agricultural runoff. This reclassification results in 
a stronger model for combined cercariae release that includes 
distance to the closest road and atrazine presence (adjusted R2 
= 0.670; F3,10 = 14.177; P = 0.001). 
Agricultural and nonagricultural ponds differed in atrazine 
presence (P = 0.015): a result that would be much stronger if 
pond e was classified as influenced by agricultural runoff. Our 
peA indicated the first 3 components accounted for 83.4% of 
total variance, with eigenvalues of 1.633, 1.335, and 1.201 for 
axes 1, 2, and 3, respectively (36.66, 26.7, and 24.03% oftotal 
variance, respectively). Forest cover at both 100 and 500 m 
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DAlaria Sp. 
III Halipegus Sp. 
• Spirorchis Sp. 
iii Echinostoma trivolvis 
II magnacauda sp. 
• Megalodiscus 
• Haematoloechus 
o tadpole spp . 
• combined 
FIGURE 2. Relative prevalence of cercariae released by snails: combined = release of any species, tadpole spp. = release of Echinostoma 
trivolvis or Alaria sp. Note that combined release is made up of the individual trematode species, whose values indicate their contribution to this 
measure, whereas tadpole species release is a separate measure. Lettered ponds indicate those with nonagricultural surroundings, and those indicated 
with numbers were located adjacent to a cornfield. 
showed strong positive correlations with axis I (coefficients of 
0.547 and 0.537, respectively), whereas closest road distance 
was correlated with axis 2 (r = 0.710), and average road dis-
tance with axis 3 (r = 0.798). No component score differed 
between agricultural and nonagricultural ponds (Table II). 
DISCUSSION 
Our study was designed to determine whether ponds influ-
enced by agriculture, particularly runoff signified by presence 
of the herbicide atrazine, differed from ponds not influenced by 
agriculture in terms of snail diversity and density and trematode 
diversity and prevalence. Part of the rationale for this study 
comes from the finding that tadpoles were more likely to be 
infected as second intermediate hosts in ponds influenced by 
agriculture that were sampled from the same region (Kopriv-
nikar, Baker and Forbes, 2006). In fact, 4 of the ponds are 
shared between the 2 studies. 
We note first that pond type was not associated with any of 
the landscape variables or with pH. However, as expected, 
ponds adjacent to agriculture were more likely to have atrazine 
# , 
TABLE II. Results of t-tests comparing mean pond component scores 
from peA of landscape variables for component axis 1 (peAl), com-
ponent axis 2 (peA2), and component axis 3 (peA3) between 7 agri-
cultural (A) and 7 nonagricultural (NA) ponds. 
Mean component score 
Pond type (± SE) p 
peAl NA -1,035.78 ± 370.78 -0.242 0.8l3 
A -833.42 ± 748.27 
peA2 NA 4,101.84 ± 1,335.29 0.257 0.802 
A 3,332.24 ± 2,681.1 
peA3 NA 3,346.44 ± 996.64 0.290 0.777 
A 2,736.33 ± 1,854.43 
detected, even though 1 pond not adjacent to agriculture had a 
high and unexplained atrazine concentration. It should be noted 
that this study is limited to 14 ponds; thus, smaller effects may 
go undetected due to limited power. Notwithstanding, we can 
address whether pond type is associated with our snail diversity 
and density estimates or trematode diversity and prevalence. We 
'can also assess whether landscape variables are associated with 
these estimates because considerable variation exists in these 
landscape variables that seems to be unaccounted for by pond 
type. 
Neither snail diversity nor density was affected by pond type, 
and only size of H. trivolvis showed a relationship with agri-
culture. Why individuals of this species were larger in nonag-
ricultural ponds is examined below. 
That prevalence based on both combined cercariae release 
(any trematode species) and tadpole cercariae release (trema-
tode species infecting tadpoles) was higher in nonagricultural 
ponds suggests that prevalence of infection in these snails is 
higher. We cannot comment on prevalence of other trematode 
species whose release from snails is nocturnal. This greater re-
lea~e of species whose shedding is induced by light (and heat) 
might be related to snail size, because a greater proportion of 
H. trivolvis snails (which were generally most abundant) from 
these ponds were larger than 1 cm. Various studies have re-
ported a positive correlation between trematode prevalence and 
snail size (Kuris, 1990; Sousa, 1990; Lafferty et al., 1994). This 
relationship may stem from increased growth in trematode-in-
fected snails (Gerard and Theron, 1997; Sandland and Min-
chella, 2003). However, this phenomenon is more common in 
Lymnaeidae than Planorbidae, of which H. trivolvis is a mem-
ber. Stunting is a more common outcome of trematode parasit-
ism in the Planorbidae (Sorensen and Minchella, 2001). 
Alternatively, food resources may have affected snail size. 
Because atrazine can cause reductions in photosynthesis, 
growth, chlorophyll content, and biomass of most aquatic pri-
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mary producers (Plumley and Davis, 1980; Brockway et aI., 
1984; Kosinski and Merkle, 1984), it is possible that its pres-
ence in agricultural ponds had an indirect effect. Rohr and 
Crumrine (2005) reported that atrazine reduced snail growth 
and attributed the effect to a reduction in algae. In contrast, 
there is no evidence for a direct effect of atrazine on snail 
growth (Baturo et al., 1995; Gerard and Poullain, 2005), and 
limited evidence for an effect on snail immune function (Russo 
and Lagadic, 2004). Any potential increase in snail suscepti-
bility to infection did not translate to increased cercariae output 
in this study. Diet also may have impacted cercariae release, 
because snails on richer diets grow larger and release a greater 
number of E. revolutum cercariae (Sandland and Minchella, 
2003), whereas host starvation has been shown to inhibit cer-
cariae development (Krist et aI., 2004). Algae was not quanti-
fied in this study, but incorporating this measure into future 
studies may help elucidate the relationship between snail size 
and agricultural activity, and the resulting relationship with 
trematode release. 
It is also possible that the atrazine detected in 6 of the 7 
agricultural ponds affected the intramolluscan development of 
cercariae, given that atrazine can affect the mortality of free-
living cercariae (Koprivnikar, Forbes, and Baker, 2006), and 
release of Schistosoma mansoni cercariae from Biomphalaria 
alexandrina is inhibited after host exposure to sublethal levels 
of an insecticide (Ibrahim et aI., 1992). Thus, although these 
results may indicate that prevalence of trematode infection is 
truly higher in snails from nonagricultural sites, it may be that 
cercariae release from snails in agricultural ponds was inhibited 
by this herbicide or other compounds that may been present in 
runoff. Snails were not dissected; however, doing so in future 
studies would likely elucidate whether infection prevalence or 
cercariae development and release are affected. Also, given that 
smaller snails are more likely to harbor immature stages and 
not release cercariae, dissection would clarify whether trema-
tode prevalence truly differs between the 2 pond types or 
whether the difference in combined cercariae release is driven 
by larger average snail size in nonagricultural ponds. 
Increased mollusc density is associated with an increased 
prevalence of trematode infection in snails (Skirnission et -al., 
2004), and it is suggested as an important factor in amphibian 
R. ondatrae infection (Chase, 2003; Johnson et al., 2003). How-
ever, snail density was not associated with any of the environ-
mental factors measured in this study, as mentioned. Domi-
nance by Planorbella sp. is correlated with amphibian defor-
mities (Johnson and Chase, 2004); but again, diversity of snail 
species was not related to any envirorntiental factor here. 
The greater cercariae release by snails from nonagricultural 
ponds may be affected by habitat quality, because transmission 
of infective stages to snails should increase in habitats that sup-
port many definitive hosts (Lafferty et aI., 2005). However, the 
2 pond types did not differ in landscape factors assumed to 
influence visitation rates by definitive hosts. It is possible that 
agricultural ponds may seem more artificial and corresponding-
ly have reduced rates of visitation by definitive hosts even if 
found in landscapes that support those hosts. It is clear that 
because of the negative association between combined cercariae 
release and agricultural activity observed here, future research 
should examine the influence of atrazine and other runoff com-
ponents on viability of miracidia, examine how ponds near com 
crops are used by wildlife that are known definitive hosts, or 
both. 
It is also important to note that when habitat factors affect 
individual species differently, the influence of these factors may 
be masked when multiple species are considered together 
(Knutson et aI., 2004). In this context, a lack of landscape as-
sociations also was seen for combined trematode infection in 
grey tree frog tadpoles sampled from agricultural and nonag-
ricultural ponds (Koprivnikar, Baker, and Forbes, 2006). The 
absence of an association between combined trematode release 
and road distance in our study contrasts with the finding of 
Urban (2006), who reported that presence of trematode infec-
tions and snail density were negatively correlated with distance 
from the highway. This was partially attributed to the possible 
attraction of vertebrate vectors to highways; however, as men-
tioned above, different responses by various final hosts in our 
study may preclude many general relationships with environ-
mental factors. 
Although combined cercariae release did not show any land-
scape associations, it is not surprising that some individual cer-
cariae species did, given that they can use very different defin-
itive hosts. The positive association of E. trivolvis release with 
forest cover within 100 m likely indicates habitat suitability for 
the waterfowl hosts, because preferred habitat for birds fre-
quently includes amount and type of forest (Bishop and Myers, 
2005). This may also account for why the model for tadpole 
species cercariae release was significant, because E. trivolvis 
was much more common than Alaria sp. Ha/ipegus species 
prevalence has been reported to increase in sites providing ideal 
conditions for frog final hosts (Sapp and Esch, 1994), and the 
negative association here between this trematode species and 
average road distance may reflect the negative correlation be-
tween amphibian host abundance and road density (Houlahan 
and Findlay, 2003). 
The species-specific findings here are generally supported by 
previous studies examining environmental influences on trem-
atode infection in gastropods (Smith, 2001; Kube et aI., 2002; 
Hechinger and Laffyrty, 2005), where effects are mediated by 
final host visitation frequency. Although competitive within-
snail interactions among trematode larvae may play a role, it is 
likely that predominately external factors affecting hosts gen-
erate variations in trematode component community structure 
(Sousa, 1990, 1993; Fernandez and Esch, 1991). However, the 
external environment may directly affect numbers of cercariae 
released in our study, either by alterations in host size or effects 
on c.ercariae development and shedding. 
Of particular interest is how these results compare with those 
from the survey of trematode prevalence in grey tree frog tad-
poles in the same region (Koprivnikar, Baker, and Forbes, 
2006). It was expected that the type of site showing greater 
cercariae release from snails would also be the same as that 
with a higher prevalence of tadpole infection; however, the ear-
lier study found higher combined trematode prevalence in tad-
poles from ponds adjacent to cornfields, which contrasts with 
the greater combined cercariae release and tadpole species cer-
cariae release from snails in nonagricultural ponds seen here. 
This discrepancy may stem from an increase in susceptibility 
of tree frog tadpoles in the agricultural ponds. Atrazine was 
commonly detected in these ponds, and it has been linked to 
reduced tadpole immunocompetence and increased trematode 
infection in other studies (Kiesecker, 2002). In particular, a 
higher prevalence of Alaria sp. in tadpoles was related to both 
agricultural activity and forest cover in our previous study. Giv-
en that atrazine can affect cercariae mortality in a species-spe-
cific manner (Koprivnikar, Forbes, and Baker, 2006), discrep-
ancies between patterns of cercariae release by snails and in-
fection in second intermediate hosts may result from contami-
nant effects on free-living infective stages as well as host 
susceptibility. It is important to note though that our atrazine 
measures were only taken singly with the goal of trying to 
identify ponds with inputs of agricultural runoff containing this 
contaminant and possibly other agriculture-associated com-
pounds. More frequent sampling of atrazine concentrations, as 
well as other compounds, and the relation to prevalence of in-
fection or metrics of immune ability is warranted. 
Because agricultural ponds may represent important alterna-
tive breeding sites for amphibians in regions where wetlands 
are scarce (Knutson et ai., 2004), there is need for further study 
to elucidate interactions among habitat quality, hosts, and trem-
atode parasites. Gastropods can be considered as keystone spe-
cies for trematode communities in vertebrate hosts (Esch et ai., 
2001); thus, further examinations of environmental influences 
on snail infection are critical, particularly given the finding here 
that the impact of agricultural activity may differ between first 
and second intermediate hosts. 
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HABITAT AND HOST SPECIFICITY OF TREMATODE METACERCARIAE IN FIDDLER 
CRABS FROM MANGROVE HABITATS IN FLORIDA 
Nancy F. Smith, Gregory M. Ruiz*, and Sherry A. Reedt 
Galbraith Marine Science Laboratory, Eckerd College, 4200 54th Avenue South, S1. Petersburg, Florida 33711. e-mail: smithnf@eckerd.edu 
ABSTRACT: Fiddler crabs (Uca spp.) are common inhabitants of temperate and tropical coastal communities throughout the 
world, often occupying specific microenvironments within mangrove and salt marsh habitats. As second intermediate hosts for 
trematodes, we investigated patterns of host distribution and parasitism for 3 species of sympatric fiddler crabs in mangrove 
habitats adjacent to the Indian River Lagoon, Florida. Fiddler crab distribution varied among species, with Uca speciosa domi-
nating the low and mid intertidal regions of mangrove banks. This species also exhibited higher prevalence and abundance of 
Probolocoryphe lanceolata metacercariae compared with Uca rapax, which is relatively more abundant in the high intertidal 
zone. We conducted a field experiment to test whether U. speciosa was more heavily parasitized by P. lanceolata as a result of 
its habitat distribution by raising U. speciosa and U. rapax under identical environmental conditions. After exposure to shedding 
cercariae under the same field conditions, all individuals of U. speciosa became parasitized by P. lanceolata, whereas no U. 
rapax were parasitized, suggesting that differences in parasitism were driven by host selection. 
Trematodes target a diverse suite of second intermediate 
hosts both taxonomically (e.g., arthropods, molluscs, annelids) 
and ethologically (benthic, pelagic, sessile) (Combes et aI., 
1994). Although trematodes often use many different species 
as second intermediate hosts, some host species are infected 
more frequently, or at higher intensities than other host species, 
or both (Bush et aI., 1993). This pattern may occur because 
some hosts are more frequently in contact with the infective 
stages than other hosts, they behave in ways that can increase 
or decrease their risk of parasitic infection, they vary in their 
ability to provide metabolic resources necessary for parasite 
development, or they vary in their immunological ability to 
eliminate their parasitic infection (Adamson and Caira, 1994; 
Combes, 2001; Kirchner and Roy, 2001). 
The role of habitat and habitat structure on the distribution 
of parasites among and within intermediate host populations 
can play an important role in influencing the probability of con-
tact between the parasite and potential host (Sousa and Grosh-
olz, 1991). For example, Lafferty et al. (2005) showed that 
prevalence of trematodes in snail intermediate hosts was higher 
in habitats with vegetative cover, compared with mudflats, sug-
gesting that parasite transmission is higher in habitats that sup-
port more final hosts (Hoff, 1941; Robson and Williams, 1970; 
Sousa and Grosho1z, 1991; Esch et al., 1997; Smith, 2001; 
Hechinger and Lafferty, 2005). Similarly, Skirnisson et al. 
(2004) found that trematode infections in mud snails were at-
tributed to the habitat use of salt marsh ponds by bird final 
hosts. Physical factors such as turbulence and storm events can 
also influence the temporal and spatial distribution of infective 
stages in the water column, thereby affecting patterns of infec-
tion in subsequent intermediate hosts (Fingerut et al., 2003). 
In subtropical coastal communities, the zonation of man-
groves, which is linked to changes in elevation, tidal influence, 
and environmental factors (Macnae, 1968; Lugo and Snedaker, 
1974), has the potential to affect parasite transmission by af-
fecting the spatial distribution of potential hosts. For example, 
certain species of fiddler crabs (Uca spp.) dominate particular 
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elevations or soils within mangrove and salt marsh habitats 
(Teal, 1958; Macnae, 1968). Such habitat selection is influenced 
by their sediment preferences and their ability to osmoregu1ate 
(Teal, 1958; Hartnoll, 1987; Thurman, 2003; Ribeiro, 2005). 
Furthermore, parasitism by trematodes varies among fiddler 
crabs, with some Uca spp. more readily parasitized than others 
(Heard, 1976). In mangrove habitats of Florida, differences in 
parasitism also exist among Uca spp. (N. Smith, pers. obs.). 
Such differences may reflect their ecological or physiological 
preferences to occupy certain microenvironments within man-
grove habitats, thereby affecting their risk of infection. Differ-
ences may also arise from the specificity of parasites to infect 
certain species of Uca more readily than others. 
To address the issue of ecological or host specificity, we ex-
amined populations of 3 species of fiddler crabs (U. speciosa, 
U. rapax, U. thayeri) for trematode metacercariae across a hab-
itat gradient. These populations overlap in their distribution on 
the banks of mangrove-dominated swamps, a habitat that varies 
in elevation, tidal influence, and soil composition. Here, we 
present data on the distribution of the sympatric fiddler crabs 
within this habitat gradient, and the prevalence and abundance 
of their trematode. metacercariae. We found that U. speciosa 
was more frequently and heavily parasitized by Probolocoryphe 
lanceolata compared with other fiddler crab species (U. rapax, 
U. thayeri). To better understand these differences in parasitism, 
we conducted a field experiment to test whether U. speciosa, 
which inhabits the lower intertidal zone, has a higher risk of 
trematode infection than U. rapax, which lives relatively higher 
in the intertidal zone. For this, U. speciosa and U. rapax were 
exposed to shedding cercariae while raised under identical en-
vironmental conditions. 
MATERIALS AND METHODS 
Study system 
Our study was conducted at 2 mosquito impoundments, Impound-
ment 12 (21-ha marsh), Indian River Co. (27°33'45"N, 800 20'W), and 
Impoundment 23 (122-ha marsh), St. Lucie Co. (27°32'30''N, 800 20'W), 
Florida, both located on North Hutchinson Island, a barrier island lo-
cated between the Indian River Lagoon (IRL) and Atlantic Ocean. Both 
impoundments were constructed in the 1960s to control populations of 
the marsh mosquito (Aedes taeniorhynchus, Ae. sollicitans) and sandfly 
(Culicoides furens) (Rey and Kain, 1989). Impoundments were created 
by excavating and depositing sediment around the perimeter of the 
marsh and then enclosing the marsh with a channel (1-3 m depth) and 
earthen dike (3-5 m wide). Culverts placed at various locations under 
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the dike allow free exchange of water between the IRL and impounded 
marshes. The banks along the excavated channel are dominated by a 
thick stand mixture of red mangrove (Rhizophora mangle) and black 
mangrove (Avicennia germinans). The substratum near the shoreline is 
loose and muddy, and it becomes more compact and sandy toward the 
upper intertidal. Fiddler crabs are abundantly distributed in the sediment 
among the mangrove prop roots and pneumatophores. 
Three species of fiddler crabs were examined for trematode metacer-
cariae, including the longfinger fiddler, U. speciosa; the Caribbean fid-
dler, U. rapax; and the mangrove fiddler, U. thayeri. In Florida, U. 
speciosa occurs from Vero Beach to the Florida Keys, U. rapax occurs 
from Daytona Beach to the Florida Keys, and U. thayeri occurs from 
St. Augustine to Sarasota (Tashian and Vernberg, 1958; Salmon, 1967). 
Many species of fiddler crabs of the Caribbean and North America have 
been shown to be parasitized by larval trematodes (Heard, 1976; Dunn 
et aI., 1990). Of 8 species of fiddler crabs examined by Heard (1976) 
in salt marshes along the northern Gulf of Mexico, 6 were naturally 
infected with 1 to 5 species of trematodes. In addition to trematodes, 
fiddler crabs (u. rapax) from the east coast of Florida have also been 
shown to be infected by 2 species of larval acanthocephalans (Nickol 
et aI., 2002). 
The ladder horn snail, Cerithidea scalariformis (Say, 1925), co-oc-
curs with fiddler crab populations, where they inhabit the mangrove 
fringe of creeks and mudflats, grazing on detritus and algae. Cerithidea 
scalariformis serves as the first intermediate host to several species of 
larval trematodes (Holliman, 1961; McNeff, 1978; Smith, 2001), I of 
which (P. lanceolata) infects Uca spp. (Heard, 1976). Snails become 
infected after ingesting a P. lanceolata egg containing a miracidium. 
The miracidium metamorphoses into a sporocyst and then undergoes 
asexual reproduction, producing a large population of sporocysts in the 
gonad. Free-swimming cercariae are released from sporocysts and the 
snail host, and then they enter the branchial cavity of fiddler crabs. 
Metacercariae encyst in the hepatopancreas, and trematode development 
is completed when infected crabs are ingested by a crab-eating mammal 
or bird (Heard and Sikora, 1969; Heard, 1976; McNeff, 1978). Other 
potential first intermediate hosts were not examined in this study. 
Fiddler crab distribution in the mangrove intertidal zone 
To examine the spatial distribution of fiddler crabs along a mangrove-
lined bank, 5 parallel transects (20 m apart, 2 m long) were established 
perpendicular to the shoreline along a channel in Impoundment 23. At 
each transect, 0.25-m2 quadrats were taken at 3 elevations (low inter-
tidal, mid intertidal, high intertidal), spread approximately 0.25 m apart, 
during a neap tide on 29 August 1994. Collections were made by plac-
ing a metal frame over the marsh surface and excavating all burrows 
within the quadrat. Fiddler crabs were identified and kept separated by 
quadrat until examined for trematodes (see trematode survey below). 
Fiddler crab abundance (measured as number of crabs per 0.25 m2)'was 
compared among the 3 intertidal zones by a Kruskal-Wallis test (esti-
mated by a chi-square), because data did not meet assumptions for 
parametric tests. 
Trematode survey 
Three species of fiddler crabs collected from the mangrove habitats 
were assayed for trematode metacercariae" including crabs collected 
from Impoundment 23 (as described above) and Impoundment 12. At 
Impoundment 12, fiddler crabs were collected by pitfall traps over 4 
consecutive days in August 1994 by placing approximately 25.5-cm 
plastic containers in the ground so that the open end of the container 
was flush with the marsh surface. Here, collections were conducted in 
a mudflat with scattered mangroves, near the impoundment channel 
with all pitfall traps positioned at the same elevation. For both sites, the 
carapace width (millimeters) of each fiddler crab was measured to ex-
amine the relationship between host size and parasitism, because size 
may influence infection risk. Fiddler crabs were kept alive until dis-
sected for metacercariae. All soft tissues were thoroughly examined, 
and metacercariae from infected crabs were counted and identified. We 
assumed that metacercariae occurring in large masses in the same tissue, 
seeming morphologically identical, represented the same species. For 
identification purposes, metacercariae were excysted by incubating cysts 
in a saline water bath at 40 C for several hours. 
Field experiment: Host specificity of metacercariae 
Differences in prevalence and intensity of metacercariae among fid-
dler crab species from our surveys prompted us to test whether host 
~pecificity was largely responsible for the differences observed. Specif-
Ically, U. speciosa, which is more abundant in the low and mid intertidal 
zone, experienced higher prevalence and intensity of P. lanceolata 
metacercariae than the other fiddler crabs species (see Results). We 
conducted a transplant experiment to determine whether U. speciosa 
has a higher risk of trematode infection to P. lanceolata than U. rapax 
as a result of its habitat preference for the lower half of the intertidal 
zone. To control for habitat heterogeneity (elevation, tidal gradient, soil 
composition) and exposure to shedding cercariae, fiddler crabs were 
transplanted to another site within Impoundments 12 and 23, where the 
first intermediate host, C. scalariformis, is known to occur. 
Enclosures were constructed to confine and expose U. speciosa and 
U. rapax to shedding cercariae from the surrounding infected snail pop-
ulations and to standardize their habitat environment so that tidal ele-
vation and sediment composition were identical among enclosures. Par-
allel studies on parasitism in C. scalariformis showed that prevalence 
of P. lanceolata was 26 and I % at Impoundments 23 and 12, respec-
tively. Enclosures were constructed of 4-mm Vexar nylon mesh walls, 
supported by wooden stakes. All enclosures were constructed with bot-
toms and covers (attached via cable ties) to prevent fiddler crabs from 
escaping and entering enclosures. The enclosures were buried to a depth 
of 15 cm and rose to a height of 62 cm above the sediment surface, 
providing a surface area of 0.25 m 2 for burrowing and feeding. 
Five enclosures, placed 25 m apart, were placed at each site. On 8 
August 1994,50 (25 males and 25 females) U. speciosa and U. rapax 
were collected along the mangrove intertidal in Impoundment 23 and 
transplanted to each site. Each enclosure was stocked with 5 individual 
crabs of each species, randomly distributed with respect to size and sex, 
for a total of 10 crabs per enclosure. This density is within the range 
typically observed for fiddler crabs that inhabit these sites. Two weeks 
before the experiment was initiated, preliminary samples of fiddler crabs 
from Impoundment 23 were collected to determine what size range 
should be used for the experiment. Fiddler crabs with a carapace width 
under 13.0 mm had low prevalence and mean intensity (± SD) of P. 
lanceolata (u. speciosa: prevalence 38%, mean intensity 2.30 ± 3.7; 
U. rapax: prevalence 0%). Because future infections and host suscep-
tibility may be influenced by the presence of existing parasites, using 
crabs that are likely to have a low abundance of metacercariae can 
reduce these confounding effects. Thus, we used fiddler crabs with a 
carapace width of 8.0-12.9 mm for our experiment. After 2 mo, some 
of the fiddler crabs transplanted to the 2 sites had died from drowning, 
due to the unexpected high tides that occurred that summer, forcing us 
to terminate the experiment. After 72 days of being raised under iden-
tical field conditions, fiddler crabs were collected from the enclosures 
and assayed for P. lanceolata. Because the number of live crabs varied 
among enclosures, we randomly selected 12 crabs of each species from 
each site. We calculated prevalence (percentage of infected crabs in each 
sample) and mean intensity (mean number of metacercariae per infected 
crab host in each sample) for each trematode species and field site 
(Margolis et aI., 1982). Parasitism data did not meet the assumptions 
of parametric tests, e.g., normality or homogeneity of variance; thus, 
the Wilcoxon signed rank test was used to test for differences in prev-
alence and intensity of P. lanceolata infection between U. speciosa and 
U. rapax. Sample sizes were too low to allow us to compare differences 
in parasitism by sex. All statistical analyses were conducted using Sta-
tistical Analytical Software, version 8.0 (SAS Institute, Cary, North 
Carolina). 
RESULTS 
Fiddler crab distribution in the mangrove intertidal zone 
Uca speciosa significantly varied in abundance among the 3 
zones (X2 = 7.62, P < 0.05), with more crabs in the low and 
mid intertidal zones compared with the high intertidal (Fig. lA). 
Additionally, U. speciosa represented a greater proportion of 
quadrat samples in the low and mid intertidal zones relative to 
the other species (Fig. IB). However, there were no differences 
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FIGURE 1. Abundance and distribution of 3 species of fiddler crabs 
along an elevation gradient in a mangrove intertidal zone in the Indian 
River Lagoon, Florida. (A) Mean density (::': SD) of fiddler crabs per 
0.25 m2• (B) Proportion of each fiddler crab species that occupied the 
intertidal zone. N represents the total number of fiddler crabs collected 
from each zone. 
SMITH ET AL.-TREMATODE METACERCARIAE IN FIDDLER CRABS 1001 
in the density of U. rapax or U. thayeri among zones (U. rapax: 
X2 = 4.52, P > 0.05; U. thayeri: X2 = 1.49, P > 0.05; Fig. lA), 
although U. rapax was the most abundant species in the high 
intertidal relative to U. speciosa and U. thayeri (Fig. lB). When 
all 3 species were pooled for each zone, there was no significant 
difference in fiddler crab density among the three zones (X2 
3.29, P > 0.05). 
Trematode surveys 
Three species of metacercariae were observed among the 3 
species of fiddler crabs that were collected from the 2 localities 
and field experiment: P. lanceolata occurred in the hepatopan-
creas and it was observed in all 3 fiddler crab species; Mari-
trema prosthometra metacercariae were found in the thoracic 
musculature of U. speciosa and U. rapax, but they were not 
observed in U. thayeri; and metacercariae of Gynaecotyla adun-
ca were found encysted in the antennal gland of all 3 fiddler 
crab species, but they usually occurred in low abundance (Table 
I). 
Prevalence and intensity of P. lanceolata was higher in U. 
speciosa than in the other fiddler crab species (Table I), with 
infected crabs harboring between 1 and 103 cysts. Uca rapax 
experienced relatively higher levels of parasitism by M. pros-
thometra compared to the other 2 species at both sites (Table 
I), with infected individuals harboring 1 to 61 cysts. Of the 3 
fiddler crab species, U. thayeri experienced low prevalence and 
intensity of metacercariae (Table I). 
For U. speciosa, there was a significant positive association 
between host size and intensity of P. lanceolata (R2 = 0.46, P 
< 0.01) and M. prosthometra (R2 = 0.17, P < 0.01) (Fig. 2), 
but not for U. rapax (P. lanceolata: R2 = 0.01, P > 0.05; M. 
prosthometra: R2 = 0.06, P > 0.05) (Fig. 2), nor for U. thayeri 
(P. lanceolata: R2 = 0.07, P > 0.05) (data pooled across the 
intertidal) . 
Field experiment: Host specificity of metacercariae 
Fiddler crabs tqmsplanted to the 2 localities (Impoundments 
12 and 23) exhibited different patterns of parasitism (Fig. 3). 
Specifically, all individuals of U. speciosa became parasitized 
with P. lanceolata, but no U. rapax became infected with P. 
lanceolata from either site. Intensity of P. lanceolata was sig-
nificantly higher in U. speciosa than U. rapax at Impoundment 
12 (Wilcoxon signed rank test, P < 0.001) and at Impoundment 
TABLE I. Prevalence and mean intensity.of parasitism in 3 species of fiddleicrabs (Uca speciosa, U. rapax, U. thayeri) collected from Impound-
ments 23 and 12. 
Prevalence (%) Mean intensity (::': SD) 
Probolocoryphe Maritrema Gynaecotyla 
N lanceolata prosthometra adunca P. lanceolata M. prosthometra G. adunca 
Impoundment 23 
U. speciosa 48 45.8 4.2 0 4.2::': 10.7 0.1 ::': 0.5 0 
u.rapax 18 5.6 77.8 16.7 0.1 ::': 0.2 11.2 ::': 10.7 4.3 ::': 7.1 
U. thayeri 22 22.7 0 4.5 0.5 ::': 1.3 0 4.2::': 4.5 
Impoundment 12 
U. speciosa 21 85.7 52.4 0 36.0::': 33.3 5.1 ::': 7.9 0 
U. rapax 21 14.3 66.7 0 3.0::': 10.2 10.7 ::': 16.1 0 
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FIGURE 2. Number of metacercariae of Probolocoryphe lanceolata 
(closed circles), Maritrema prosthometra (open circles), and Gynaeco-
tyla adunca (open triangles) in Uca speciosa and U. rapax collected 
from Impoundments 23 and 12, illustrating relationships between trem-
atode abundance and host size. Note that G. adunca was not found in 
U. speciosa. 
23 (P < 0.001). Both U. speciosa and (/ rapax became infected 
with M. prosthometra, with U. rapax exhibiting higher parasit-
ism than U. speciosa at both Impoundment 12 (Wilcoxon 
signed rank test, P < 0.001) and Impoundment 23 (P < 0.001). 
Furthermore, both fiddler crab species become infected with G. 
adunca, but there was no significant difference in intensity be-
tween both species at each site (Wilcoxon signed rank test, P 
> 0.05). 
DISCUSSION 
Of the 6 species of fiddler crabs that occur along the Atlantic 
coast of Florida (Salmon, 1967; Barnwell and Thurman, 1984), 
3 species were collected from the banks of mangrove swamps 
along the Indian River Estuary, including U. speciosa, U. ra-
pax, and U. thayeri. A fourth species, U. pugilator, the sand 
fiddler crab, was frequently observed in adjacent sand and mud-
flats, but it was not found in our surveys, because we did not 
sample beyond the mangrove intertidal. We found that fiddler 
crab distribution along a mangrove bank, which varied in ele-
vation and tidal influence, was not uniform; rather, certain zones 
were dominated by certain species of Uca, which is consistent 
with other findings (Teal, 1958; Macnae, 1968; Montague, 
1980; O'Conner, 1993). Specifically, U. speciosa dominated the 
lower and mid-intertidal zones, and U. rapax was more abun-
dant in the high intertidal relative to the lower zones. Such 
microhabitat preferences may reflect their ecological and phys-
iological adaptations to inhabit environments with certain biotic 
and physical conditions, e.g., sediment composition, salinity, 
vegetative cover. For example, Thurman (2005) experimentally 
showed that U. rapax had higher survivorship than U. speciosa 
and U. thayeri at high saltwater concentrations (>2,500 
mOsm), potentially allowing U. rapax to inhabit and survive in 
the high intertidal zone. 
Fiddler crabs have been documented to host trematode meta-
cercariae and larval acanthocephalans (Ahmed and Khan, 1976; 
Heard, 1976; Overstreet, 1983; Nickol et al., 2002), providing 
a rich and instantaneous helminth community to a variety of 
vertebrates that feed on Uca (Hutton, 1964; Heard, 1970; Bush 
and Forrester, 1976; Kinsella, 1988). The present study repre-
sents the first report of Probolocoryphe lanceolata (syn. Cer-
caria caribbea XXV, Cable, 1956; Cercaria lanceolata, Holli-
man, 1961; Cercaria XXIII, Wardle, 1974; and P. glandulosa, 
Heard and Sikora, 1969; Heard, 1970; Bush and Forrester, 
1976; Kinsella, 1988) in U. speciosa. Eight species of fiddler 
crabs, including U. rapax, are known to naturally or experi-
mentally serve as second intermediate hosts of P. lanceolata 
(Heard, 1976). Interestingly, Heard (1976) exposed U. speciosa 
to more than 200 P. lanceolata cercariae, but no infections re-
sulted. Furthermore, no parasites were found in more than 30 
specimens of U. speciosa collected from the Gulf coast of Flor-
ida, although P. lanceolata was present in first intermediate 
hosts (Bush et al., 1993). These findings suggest that along its 
geographic range, populations of U. speciosa may be geneti-
cally different, adapted to local conditions, or both, thereby in-
fluencing its compatibility as a suitable host for parasite devel-
opment (Combes, 2001). Although we observed P. lanceolata 
in all 3 fiddler crab species during our surveys, only U. speciosa 
became infected with this parasite when raised under the same 
envi.J;onmental conditions as U. rapax. Furthermore, our exper-
iment showed that at even at a low prevalence (1 %) of P. lan-
ceolata in the first intermediate host (c. scalariformis), all in-
dividuals of U. speciosa became infected, and at much higher 
intensities relative to the parasite surveys. 
Results of the transplant experiment indicate that microhab-
itat preferences in the mangrove intertidal do not account for 
differences in parasitism between U. speciosa and U. rapax. 
Because U. speciosa and U. rapax were presumably equally 
exposed to shedding cercariae, and they were confined to the 
same tidal height, factors other than host distribution may play 
an important role in influencing the nature or outcome of their 
interactions with larval trematodes. For example, differences in 
parasitism between U. speciosa and U. rapax may be attributed 
to the degree of openness of the encounter and compatibility 
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filter (sensu Combes, 2001) for each species. For a parasite to 
successfully infect a host, it must both encounter the host and 
be compatible, operating as 2 consecutive stages, or stepwise 
filters, that determine infection (Combes, 2001; Kuris et aI., 
2007). Specifically, the parasite must be able to locate and in-
fect the potential host (encounter filter) and be able to develop 
successfully within the host after the encounter (compatibility 
filter). Because P. lanceolata has been found to naturally infect 
multiple species of Uca, including U. speciosa and U. rapax, 
this trematode is compatible with several hosts, but it may pre-
fer certain species over others. When U. speciosa and U. rapax 
were raised together under the same field conditions, cercariae 
were given a choice between potential hosts, and they chose to 
infect U. speciosa over U. rapax, showing that U. ,Ipeciosa is 
a relatively more preferable host. Over time, P. lanceolata cer-
cariae may have evolved a mechanism to find and identify the 
most compatible host (U. speciosa), thereby avoiding less suit-
able hosts (Combes, 200 I). Furthermore, the presence of U. 
speciosa may close or reduce the encounter filter of U. rapax, 
causing U. speciosa to act as a population sink for cercariae. 
To determine whether the presence of U. speciosa influences 
the probability of contact between cercariae and U. rapax, the 
encounter filter can be artificially widened in the laboratory by 
exposing U. rapax to cercariae in the absence of U. speciosa. 
If U. rapax was found compatible after experimental exposure, 
then one can assume that the encounter filter is closed in nature 
when in the presence of U. speciosa. 
Additionally, gill morphology and behaviors associated with 
respiration may play an important role during the encounter 
process, because P. lanceolata infects fiddler crabs by entering 
the branchial chamber with the respiratory currents. Specifical-
ly, the setae of the third maxilliped, which prevents sand and 
mud from entering the branchial chamber, varies in morphology 
among Uca spp. (Macnae, 1968), which may allow or prevent 
cercariae from entering the host. The setae of the scaphognath-
ite (gill bailer) and other setal lobes of the maxillae could also 
prevent cercariae from entering the branchial chamber. Further-
more, as water is pumped across the gills in the branchial cham-
ber by the gill bailer, crabs may respond or behave differently 
to cercariae within the water column. Transmission can alse be 
influenced by water levels, tides, and currents, by affecting the 
concentration of cercariae in the water column and in crab bur-
rows. During an outgoing or low tide, fiddler crabs carry a 
supply of water in their branchial chambers that is circulated 
over the gills (Montague, 1980). Thus, the need to replenish 
their branchial water supply may influence their encounter rate 
with cercariae. The enclosures used ';11 our study offer many 
advantages over other field techniques, e.g., mark-recapture; 
however, we cannot discount the possibility that the enclosures, 
which restricted fiddler crab movement and potentially altered 
their interaction with the water levels and cercariae may have 
influenced infection patterns between U. speciosa and U. rapax. 
Differences in parasitism among sympatric species may also 
result from differences in the hosts' immunological ability to 
destroy a parasite after encounter. Crustaceans can elicit a cell-
mediated response (hematocyte aggregation, often followed by 
melanization) after exposure to some foreign bodies and para-
sites (Gotz, 1986; Kuris et aI., 2007). After P. lanceolata pen-
etrates the branchial chamber of the crab host, the larvae mi-
grate to the hepatopancreas, the final site of encystment, during 
which they must respond and survive the host defense system. 
Signs of encapsulation by host cells have been observed as 
early as 7 days after infection (Heard, 1976). Metacercariae 
begin to encyst 19 days after penetration, becoming fully de-
veloped and infective after 50 days (Heard, 1976). Indeed, en-
cystment, or sequestration, may be an adaptive strategy to re-
duce or minimize its interactions with the host that would oth-
erwise compromise its survival (Adamson and Caira, 1994). 
Because the host defense system may respond differently to 
parasitic infection as a result of genetic or physiological het-
erogeneity within a species (Karp, 1990), variation in compat-
ibility among host strains or species is likely to occur. 
In sum, our study supports previous findings that fiddler 
crabs often occupy specific rnicroenvironments within coastal 
marsh habitats. In mangrove marshes of Florida, their distri-
bution varied across the mangrove intertidal, with various zones 
dominated by different species of Uca. Uca speciosa occurred 
most abundantly in the low intertidal; therefore, it may be ex-
posed to relatively high levels of P. lanceolata cercariae. How-
ever, the higher prevalence and intensity of this trematode in 
U. speciosa compared with U. rapax, which occupied higher 
regions of the intertidal, was shown to be driven by host selec-
tion. Differences in their encounter and compatibility filters, gill 
morphology, behavioral activities, and defense systems may 
contribute to the significant differences in parasitism among 
host species. 
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PISCINOODINIUM, A FISH-ECTOPARASITIC DINOFLAGELLATE, IS A MEMBER OF THE 
CLASS DINOPHYCEAE, SUBCLASS GYMNODINIPHYCIDAE: CONVERGENT EVOLUTION 
WITH AMYLOODINIUM 
Michael G. Levy, R. Wayne Litaker*, Robert J. Goldsteint, Michael J. Dykstra, Mark W. Vandersea*, and 
Edward J. Noga:j: 
Department of Population Health and Pathobiology, North Carolina State University, College of Veterinary Medicine, Raleigh, North Carolina 
27606. e-mail: ed_noga@ncsu.edu 
ABSTRACT: All dinoflagellates that infest the skin and gills of fish have traditionally been placed within the class Blastodiniphy-
ceae. Their relatedness was primarily based upon a similar mode of attachment to the host, i.e., attachment disc with holdfasts. 
Results of recent molecular genetic analyses have transferred these parasites, including Amyloodinium, to the class Dinophyceae, 
subclass Peridiniphycidae. In our study, a small subunit rDNA gene from a parasitic dinoflagellate that has features diagnostic 
for species in the genus Piscinoodinium, i.e., typical trophont with attachment disc having rhizocysts, infesting the skin of 
freshwater tropical fish, places this organism within the dinophycean subclass Gymnodiniphycidae. This suggests a close rela-
tionship of Piscinoodinium spp. to dinoflagellates that include symbionts, e.g., species of Symbiodinium, and free-living algae, 
e.g., Gymnodinium spp. These molecular and morphological data suggest that evolution of this mode of fish ectoparasitism 
occurred independently in 2 distantly related groups of dinoflagellates, and they further suggest that the taxonomic status of 
parasites grouped as members of Piscinoodinium requires major revision, 
Dinoflagellates are a diverse group of aquatic protozoans. 
Their most prominent role is as important components of the 
food chain, where they typically function as either free-living 
autotrophs (primary producers) or heterotrophs (grazers). Some 
are important endosymbionts of invertebrates, e,g., photosyn-
thetic corals, whereas others are parasitic, Although most of the 
150 or so parasitic species infect invertebrates, those belonging 
to Amyloodinium, Pisicinoodinium, and Crepidoodinium infest 
the skin, gills, or both of marine, brackish, or freshwater fish. 
All 3 genera have been traditionally classified as belonging to 
the family Oodiniaceae (Fensome et aI., 1993) in the class Blas-
todiniphyceae, the latter of which is composed entirely of par-
asitic species (Coats, 1999). The relatedness of species belong-
ing to these 3 genera is primarily based upon a similar mode 
of attachment to the host, i.e., attachment disc with holdfasts 
(Lorn, 1981). The life cycle of the fish blastodiniphyceans is 
also highly similar, with each having 3 stages: a parasitic, pyr-
iform trophont; a reproductive tomont; and a free-swimming 
infective dinospore. 
Species of Amyloodinium and Pisicinoodinium in particular 
can cause significant epidemics in fish (Noga and Levy, 2006). 
Control of any parasite requires a thorough understanding of its 
epidemiology, including host and geographic range, and of fac-
tors affecting transmission. Many of these factors can only be 
discerned via a clear understanding of the phylogenetic rela-
tionships among the different parasite isolates. Such studies also 
may lead to better methods for diagno§i,'l of specific pathogens. 
As part of this effort, we are examining the molecular phylog-
eny of some important fish-ectoparasitic protozoans. In this re-
port, we describe a parasitic dinoflagellate of freshwater fish 
that is morphologically a member of Piscinoodinium but which 
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genetic analysis indicates is unrelated to parasitIC species in 
either the class Blastodiniphyceae or in the class Dinophyceae, 
subclass Peridiniphycidae. 
MATERIALS AND METHODS 
Clinical cases 
Infested fish were sampled from captive-bred populations of Nothob-
ranchius killifish (N. rachovii, N. palmquisti, N. eggersi, and other un-
identified species) that had experienced periodic episodes of ectopara-
sitic infestation typical of "velvet disease" (Noga and Levy, 2006). Fish 
were maintained in 4- to 40-L, artificially lit freshwater aquaria at room 
temperature with gentle aeration and sponge filtration. Aquarium water 
was replenished as needed with reverse osmosis water. Aquaria con-
tained sphagnum peat moss for spawning and acidification, and non-
rooted aquatic vegetation to provide habitat and ammonia removal. Fish 
were fed frozen (adult Artemia, mysid shrimp, larval chironomids, and 
copepods) and live (Artemia nauplii) food every other day. They also 
were given occasional feedings of live white worms and blackworms. 
Affected fish were submitted to the North Carolina State University 
College of Veterinary Medicine (Raleigh, North Carolina). 
Fixation of tissues for pathology examination 
Infected fish were killed with an overdose of tricaine. For scanning 
electron microscopy (SEM), caudal fin tissues were fixed in 4F:1G fix-
ative (4% formaldehyde and 1 % gluteraldehyde buffered in monobasic 
sodium phosphate, pH 7.2-7.4) (McDowell and Trump, 1976) for at 
least 1 hr. Tissues were rinsed in 0.1 M phosphate buffer for 30 min, 
dehydrated in a graded series of alcohols, and dried in a CO2 critical 
point dryer (Ladd Research Industries, Williston, Vermont). Samples 
were •. mounted on stubs and sputter-coated. Observations were made 
with a JEOL JSM-6360LV scanning electron microscope (JEOL, Tokyo, 
Japan). 
For transmission electron microscopy (TEM), fin tissue was cut into 
small pieces (-1.0 x 2.0 mm) and fixed in 4F:1G fixative for at least 
1 hr. Fin tissues were then decalcified in 0.1 M EDTA at 4°C for 1 wk. 
Next, tissues were rinsed 3 times with 0.1 M phosphate buffer (pH 7.2-
7.4) for 15 min and postfixed in 1 % osmium tetroxide in the same buffer 
for 1 hr. Tissues were dehydrated in 50% ethanol for 15 min, 75% 
ethanol for 15 min, 95% ethanol for 15 min (twice), 100% ethanol for 
30 min (twice), and 100% acetone for 30 min (twice). Tissues were 
infiltrated in 50% Spurr resin (1 part Spurr in 1 part acetone) for 30 
min and 100% Spurr for 60 min (twice), put into fresh Spurr, and po-
lymerized at 70 C overnight. Semithin sections, 0.5 fLm thick, were 
stained with 1 % toluidine blue in 1 % sodium borate. Ultrathin sections, 
90 nm thick, were poststained with uranyl acetate and lead citrate for 
examination with a PEICO 208S transmission electron microscope 
(FEICO Morgagni, Hillsboro, Oregon). 
1006 
TABLE 1. Sequencing primers, 5'-3'. 
M13F GTAAAACGACGGCCAGT 
GCGl8SF CTGGTTGATCCTGCCAGTAGTC 
GlOR CCGCGGCTGCTGGCACCAGAC 
G23R TTCAGCCTTGCGACCATAC 
Gl9F CATCTAAGGAAGGCAGCAGG 
G18R GCATCACAGACCTGTTATTG 
G17F ATACCGTCCTAGTCTTAACC 
G22F TGGTGGAGTGATTTGTCTGG 
Gl8F CAATAACAGGTCTGTGATGC 
ITSF2 TACGTCCCTGCCCTTTGTAC 
5.8SF CATTGTGAATTGCAGAATTCC 
ITSR8 TAACCTGCATTCATGCTGTG 
M13R GGAAACAGCTATGACCATG 
DNA extraction, polymerase chain reaction (peR) amplification, 
and sequencing of rONA 
Three different outbreaks of the parasitic dinoflagellate were exam-
ined. After euthanization, trophonts from an infested fish were gently 
scraped off the skin using a spatula and immediately frozen at -70 C 
until processing. Genomic DNA was obtained by extracting the cells 
using either QIAamp Tissue kit (QIAGEN, Valencia, California) or the 
MO BIO Soil Extraction kit (MO BIO Laboratories, Inc., Carlsbad, 
California) according to the manufacturers' protocols. For all samples, 
the rDNA complex region spanning from the start of the small subunit 
(SSU) rDNA through the first -50 base pairs (bp) of the large subunit 
(LSU) was PCR amplified using the following primer pair: GCG 18SF 
and ITSR8 (Table I). The total length of the product was 2,423 bp. The 
reaction mixture contained -20 ng of dinoflagellate genomic DNA, 
lOX buffer (pH 8.3), 0.5 U of Platinum® Taq (Invitrogen, Carlsbad, 
California), 2.5 mM each deoxynucleoside-5[prime]-triphosphates, and 
100 ng of each primer in a final reaction volume of 50 fl.1. Amplifica-
tions were carried out in a Robocycler® (Stratagene, La Jolla, Califor-
nia) using the following conditions: 2 min at 94 C followed by 35 cycles 
(30 sec at 95 C, 45 sec at 58 C, 2 min 30 sec at 72 C), with a final 
extension of 5 min at 72 C. Amplicons were cloned into plasmid vector 
pCR2.1 ® (Invitrogen) using the TA Cloning kit following the manufac-
turer's protocol. 
One clone was sequenced from the first outbreak, and 3 clones were 
sequenced from each of the other 2 outbreaks. The resulting plasmids 
were then sequenced on an ABI377 DNA sequencer using the Deoxy@> 
Terminator Cycle sequencing kit (Applied Biosystems, Foster City, Cal-
ifornia). Sequencing was performed following the manufacturer's in-
structions and using approximately 600 ng of plasmid DNA per -reac-
tion. DNA templates were sequenced completely in both directions us-
ing the primers listed in Litaker et al. (1999, 2003). Completed sequenc-
es were submitted to GenBank (EFOI6917-EFOI6923). 
Phylogenetic analysis of the internal transcribed spacer (ITS) 
sequences 
The ITS sequences generally diverge rapidly during speciation; yet, 
they remain relatively conserved within a-gpecies due to gene conver-
sion. As such, these regions make good indicators of species-level dif-
ferences in dinoflagellates (Litaker et aI., 2007). In this study, 7 clones 
were sequenced from the 3 outbreaks sampled. These 516- to 517-bp 
sequences were aligned to determine whether the variation among se-
quences was consistent with the samples belonging to the same or dif-
ferent species. 
Phylogenetic analysis of the SSU sequences 
A representative Piscinoodinium SSU rDNA sequence was aligned 
with 66 other representative dinoflagellates using the CLUSTAL W 
program in MacVector (Accelrys, San Diego, California) with an open 
gap penalty of 8 and an extended gap penalty of 3 (Thompson et aI., 
1997). The average length of the aligned sequences was 1,796 bp. The 
analysis included the other known parasitic species for which SSU se-
quence data were available. The aligned sequences were saved as a 
nexus file and analyzed using MrModeltest version 2.5 to estimate the 
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most appropriate phylogenetic model (Nylander, 2004). The best-fit 
model selected by MrModeltest was a general time-reversible model 
(GTR + I +G). The program parameters were statefreqpr = diri-
chlet(1,I,I,I), nst = 6, rates = invgarnma, contype = halfcompatible. 
There were 792 unique site patterns. To allow for efficient swapping 
between chains, the temperature parameter was set to 0.01. Two parallel 
analyses with 4 chains each were run simultaneously. The run included 
3,000,000 generations, a burnin period of 30,000 generations, and a 
sampling frequency of every 100 generations. The final split frequency 
was 0.01211 and the negative natural logarithm for both parallel anal-
yses was 18,213.01. The results were plotted as a rooted phylogram 
including branch support values, with Haplozoon axiothellae as the out-
group. This species was selected because it belongs to the class Blas-
todiniphyceae, which is often considered one of the more basal groups 
in dinoflagellate evolution (Fensome et al., 1993). 
The sequences used in the phylogenetic analysis included the follow-
ing: Akashiwo sanguinea AB232670, Akashiwo sp. AP-LIS2 
AY456108, Alexandrium affine AB088282, A. catenella AY421773, A. 
minutum AMU27499, A. tamarense AB088293, A. tamiyavanichi 
AB088318, Amoebophrya sp. isolated from A. affine and Gonyaulax sp. 
AY775285, Amoebophrya sp. isolated from Ceratium tripos AY208892, 
Amoebophrya sp. isolated from Gymnodinium instriatum AF472554, 
Amoebophrya sp. isolated from Gymnodinium sanguineum AF069516, 
Amoebophrya sp. isolated from Karlodinium veneficum (=K. micrum) 
AF472553, Amoebophrya sp. isolated from Prorocentrum minimum 
AY208893 and AY208894, Amoebophrya sp. isolated from Scrippsiella 
and Glenodinium sp. AF472555, Amyloodinium ocellatum AF080096, 
Blastodinium contortum from Clausocalanus arcuicornis DQ317537, 
Blastodinium navicula from Corycaeus giesbrechti DQ317538, Cera-
tium hirundinella AY443014, Ceratium sp. DQ487192, Cryptoperidi-
niopsis brodyi AF080097, Dinophyceae sp. isolated from Thalassicolla 
nucleata DQ116021, Dinophyceae sp. isolated from T. nucleata 
DQ 116022, Gonyaulax polygramma AJ833631, G. spinifera AF052190, 
Gymnodinium beii U41087, G. catenatum AY421783, G. microreticu-
latum AB265965, Gymnodinium cf. nolleri AB265963, Gyrodinium 
dorsum AF274261, Gyrodinium instriatum DQ084522, Haplozoon ax-
iothellae AF274264, Hematodinium sp. MF-2000 AF286023, Hetero-
capsa niei AF274265, H. pygmaea AF274266, H. rotundata AF274267, 
Karena brevis AF274259, Karenia mikimotoi AF022195, Noctiluca 
scintillans AF022200, Paulsenella vonstoschii AJ968729, Peridinium 
bipes, AF231805, Peridinium cinctum ABI85114, P. willei AB232669, 
Pentapharsodinium sp. CCMP771 AF274270, P. tyrrhenicum 
AF022201, Pfiesteria piscicida AY245693, Piscinodinium sp. 
EF016917, Polarella glacialis AF099183, Prorocentrum arenarium 
Y16234, P. maculosum Y16236, P. lima Y16235, Pseudopfiesteria 
shumwayae AF080098, Stoeckeria algicida AJ841809, Stoeckeria sp. 
AJ841809, Symbiodiriium californium AF225965, Symbiodinium mean-
drinae L13718, Symbiodinium microadriaticum M88521, Symbiodinium 
sp. AB016575, Symbiodinium sp. AB016594, Symbiodinium sp. 
AF238256, Symbiodinium sp. AF238258, Symbiodinium sp. AF238261, 
Syndinium sp. isolated from Corycaeus sp. DQ146406, Syndinium sp. 
isolated from Paracalanus parvus DQ146405, Scrippsiella sweeneyae 
AF274276, and S. trochoidea AY421792. 
RESULTS 
Pathology and cytology 
Clinical signs: The parasitic dinoflagellate caused a chronic 
infestation that typically developed over the course of 2 mo. 
Visible lesions began as a light golden dusting in oblique light 
and then progressed to more severe infestation intensity asso-
ciated with dense white dusting of the skin; other clinical signs 
included dyspnea, lethargy, cachexia, localized secondary in-
fections, and eventually mortality. At the time of sampling, fish 
had skin lesions that presented as a contiguous, finely granular 
layer on the body and fins (Fig. 1). Outbreaks were common 
in the owner's killifish populations from 2000 to 2005, and they 
were associated with overfeeding (from decaying food, mostly 
brine shrimp nauplii) that degraded water quality. The recurring 
infestation primarily affected N. rachovii, but it also affected 
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FIGURES 1-3. Gross and light microscopic lesions of piscinoodiniosis. (1) Gross velvet lesions on Nothobranchius rachovii. Note the fine, 
white granular appearance formed by masses of parasites on the body (small arrow) and fins (large arrow) . Bar = 5 mm. (2) Histological section 
showing trophont attached to the skin. Note the attachment disc (arrow). Toluidine blue. Bar = 5 !-Lm. (3) Histological section showing close 
apposition of trophont theca to the host cell cytoplasm. Toluidine blue. Bar = 10 !-Lm. 
other Nothobranchius species. Other kil'tifish, e.g., Austrolebias 
sp., developed similar signs in response to degrading water 
quality, but velvet lesions were not readily apparent. 
Parasite morphology: Under light microscopy, wet mounts 
of infested skin showed ovoid, brown trophonts. Plastic-embed-
ded sections revealed that the parasites were attached to the 
epithelium via an attachment disc (Fig. 2). In some cases, there 
was also close contact with the host cells at other sites on the 
trophont (Fig. 3). Via SEM, the attached trophont was pyriform 
to ovoid, with single, attached cells that were often clustered 
together (Fig. 4). The basal (attached) end of the trophont nar-
rowed slightly, and its surface was typically rugose, forming 1· 
to several deep longitudinal furrows (Fig. 5). 
The attachment disc was clearly present with TEM, emerging 
from the basal end of the trophont (Fig. 6). The attachment disc 
contained rhizocysts (Fig. 7) that originated in the subnuclear 
cytoplasm (Lorn and Schubert, 1983). One end of each rhizo-
cyst was embedded in a compartment (rhizotheca) in the base 
of the attachment disc, whereas the other end was embedded in 
the host epithelial cells (Fig. 8). Adjacent to the migrating rhi-
zocysts was a well-developed pusular system (Figs. 6, 7). At 
the base of the trophont, a flagellum protruded from a simple 
plasmalemma-lined flagellar pocket into the flagellar groove 
(Fig. 9). In addition to the attachment disc, the parasite theca 
was sometimes in contact with the host cell cytoplasm. When 
this was observed, there was no evidence of parasite penetration 
into the host or any other detectable host cell changes (Fig. 10). 
The most common cytoplasmic organelles were starch gran-
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FIGURES 4-5. SEM of trophonts attached to the epidermis. (4) Parasites forming clusters (arrows). Bar = 50 fLm. (5) Host-parasite interface. 
Note the attachment disc (arrow). Bar = 10 fLm . 
. ' 
ules that filled most of the cytoplasm (Figs. 6, II). Mucocysts 
were also common (Figs. 6, 9). Membranous bodies also were 
observed (Fig. 11). The nucleus was a typical dinokaryon, con-
taining large, compactly coiled chromosomes (Fig. 6). No food 
vacuoles, clovelike bodies, lytic bodies, or a stomopode were 
observed. 
Molecular taxonomy 
The ITS alignment revealed only a single nucleotide poly-
morphism among the 7 clones sequenced from the 3 different 
outbreaks. This low level of polymorphism is consistent with 
all the sequences belonging to the same species (Litaker et a!., 
2007). The SSU rDNA tree indicated that all of the parasites 
were in the traditionally parasitic classes Blastodiniphyceae or 
Syndiniophyceae, or in the dinophycean subclass Peridiniphy-
cidae (Kuehn and Medlin, 2005; Skovgaard et a!., 2007; Fig. 
12), except for the Piscinoodinium isolate, which fell within the 
order Gymnodiniales (Dinophycean subclass Gymnodiniphyci-
dae). 
DISCUSSION 
Pathology 
Our ectoparasitic dinoflagellate infestation seemed grossly 
identical to infestations caused by Piscinoodinium spp., which 
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FIGURES 6-7. TEM of trophont. (6) Whole trophont. A = attachment disc; P = pusular system; M = mucocyst; S = starch granule; N = 
nucleus with permanently condensed chromosomes. Bar = 2 fLm. (7) Trophont rhizocysts (R) that would be migrating toward the base from the 
subnuclear region. P = pusular system. Bar = 1 fLm. 
is commonly known as velvet disease (Noga and Levy, 2006). 
Many tropical fish have been reported to exhibit clinical signs 
characteristic of velvet disease. Anabantids (Siamese fighting 
fish, gouramies), cyprinids (goldfish, barbs), and cyprinodontids 
(killifish) are most frequently affecte,d,. Tilapia also has expe-
rienced epidemics (Ramesh et aI., 2000). Temperate species, 
e.g., common carp (Cyprinus carpio), tench (Tinea tinea), and 
even larval amphibians (Amblystoma mexicanum, Rana tem-
poraria, R. arvalis) also have been reported to be susceptible 
(Geus, 1960). However, rarely have parasites been closely ex-
amined to confirm that their morphological characteristics are 
consistent with the published ultrastructural description of Pis-
cinoodinium spp. A typical attachment disc was evident via 
light and scanning electron microscopy in Piscinoodinium spp. 
infestations of feral aquarium fish (catfish) (Ferraz and Som-
merville, 1998) and via TEM in infestations of pond-cultured 
cyprinids (Shaharom-Harrison et aI., 1990). In other cases, the 
attachment disc of the presumptive Piscinoodinium sp. seems 
somewhat different, and it is associated with more severe host 
cell damage (Ramesh et aI., 2000) that more closely resembles 
pathology caused by Amyloodinium sp. (Noga and Levy, 2006). 
The clinical course of our dinoflagellate infestation was sim-
ilar'to that described for chronic Piscinoodinium sp. infestation 
of the skin. Although young fish may die quickly from pisci-
noodiniosis, older fish, like those that presented in our case, 
may live for months. Heavy infestations produce a yellow or 
rusty sheen to the skin, which we also observed in our heavily 
infested cases. The host cell damage caused by our parasite is 
consistent with that described for Piscinoodinium sp., where 
rhizocysts anchor the trophont to its host and damage the epi-
thelium (Lorn and Schubert, 1983). This damage may be ex-
acerbated by the hydrodynamic forces exerted on the trophont 
projecting into the water moving past the fish. Interestingly, 
cellular damage is also thought to attract parasites, because tro-
phonts typically cluster in damaged areas; we observed this as 
well (Fig. 1). 
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FIGURES 8-9. High-magnification TEM of trophont. (8) Rhizocyst surrounded by a parasite rhizotheca (RT). Note also the rhizocyst (R) 
embedded in the host cell cytoplasm. Bar = 0.5 j.Lm. (9) Trophont showing flagellum (F). M = mucocyst. Bar = 1 j.Lm. 
Cytology 
There are 2 described species of Piscinoodinium. The first 
described species, Piscinoodinium (= Oodinium) limneticum, 
was identified from North American aquarium fish (Jacobs, 
1946). Without prior knowledge of this report, Schaperclaus 
(1951) described a second species, Piscinoodinium (= Oodi-
nium) pillulare, from European aquarium fish. Detailed ultra-
structural studies by Lom and Schubert (1983) of what they 
considered to be O. pillulare led to the transfer of this species 
to Piscinoodinium. However, because the original descriptions 
of both P. limneticum and P. pillulare only included light mi~ 
croscopy, it is unclear as to whether P. limneticum is a valid 
species. 
Trophonts of our parasitic dinoflagellate displayed the major 
morphological features that are diagnostic for Piscinoodinium 
spp., as described by Lom and Schubert (1983). The most im-
portant of these features was an attacl1'ment disc with rhizocysts 
that firmly anchored it into the host cells. In addition, our par-
asite possessed a well-developed pusular system, abundant 
starch granules, and mucocysts. It also had a nucleus with per-
manently condensed chromosomes and lacked a stomopode, 
clovelike bodies, food vacuoles, Or lytic bodies. 
Interestingly, although Lom and Schubert (1983) and Sha-
harom-Harrison et a!. (1990) reported well-developed chloro-
plasts for P. pillulare, our Piscinoodinium sp. isolate lacked 
discernible chloroplasts. Instead, it exhibited membranous or-
ganelles that were in close association with starch granules (Fig. 
11). This arrangement is very similar to the association of chlo-
roplast thylakoids with starch, implying these membranous bod-
ies might be degenerated chloroplasts. Several nonphotosyn-
thetic taxa are known to be derived from photosynthetic ances-
tors, including important parasites such as apicomplexans, e.g., 
Plasmodium sp. (Borza et a!., 2005). These nonphotosynthetic 
groups still retain a relict plastid, e.g., apicoplast (Borza et aI., 
2005) Or leucoplast (Archibald and Keeling, 2002), which per-
form essential metabolic functions (Sekiguchi et aI., 2002; Bor-
za et aI., 2005). Additional research is needed to determine 
whether the membranous bodies in our Piscinoodinium isolate 
also carry out important metabolic functions. 
Whether the membranous bodies in our isolate represent a 
significant taxonomic difference compared with the well-de-
fined chloroplasts in the other described Piscinoodinium isolates 
is uncertain. In some instances, these morphological differences 
can be highly informative taxonomically. For example, Proto-
theca, which lacks chloroplasts, is morphologically very similar 
to tp.e green alga Chlorella spp., and as such, it was historically 
considered colorless Chlorella spp. (Walker et aI., 1975). How-
ever, more recent studies have shown that Prototheca is taxo-
nomically distinct from Chlorella spp. and other chloroplast-
containing algae and also has key differences in its physiology 
(Running et aI., 2003). 
Another feature not previously reported for Piscinoodinium 
sp. was that some parasites had a close association with the 
host in areas other than the attachment disc (Figs. 3, 10). This 
host-parasite interaction might be related to a hyperplastic, pro-
liferative response that has been seen in some cases of pisci-
noodiniosis, where some parasites may become almost entirely 
covered by hyperplastic epithelium (Shaharom-Harrison et aI., 
1990; Ferraz and Sommerville, 1998). In that response, some 
enclosed trophonts were dead, suggesting that this host-parasite 
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FIGURES 10-11. High-magnification TEM of trophont. (10) Adherence of trophont (T) to host cell (H). Bar = 2 /Lm. (11) Trophont showing 
membranous bodies (B). Note that the membranous material is closely associated with starch granules (S). Bar = 1 /Lm. 
interaction might be an immune defense (Ferraz and Sommer-
ville, 1998). 
In summary, although there were some morphological dif-
ferences between our parasite and previous descriptions of Pis-
cinoodinium spp., they seem to be minor, and the body of ev-
idence suggests that our parasite belongs within Piscinoodi-
nium. 
Molecular taxonomy 
Classical taxonomic schemes have -Placed all fish-ectopara-
sitic dinoflagellates that possess an attachment disc, including 
species of Pisicinoodinium, Amyloodinium, and Crepidoodi-
nium, within the family Oodiniaceae, class Blastodiniphyceae 
(Lorn, 1981; Coats, 1999). This classification was largely based 
on the morphology and parasitic habit of these species. How-
ever, dinoflagellate species are usually classified according to 
their Kofoidian plate tabulation, which refers to the number, 
arrangement, size, and shape of the thecal plates that cover the 
surface of the cell (Kofoid, 1909). At the time that the fish 
parasites were first classified, the techniques necessary to vi-
sualize their delicate thecal plates did not exist. More recently, 
techniques capable of revealing these plates have been devel-
oped. Reexamination of certain species using these techniques 
has fully supported transfer of those species from the class 
Blastodiniphyceae to the class Dinophyceae, subclass Peridi-
niphycidae. For example, both A. ocellatum and Paulsenella 
sp., formerly assigned to the Blastodiniphyceae, have been 
shown to be most closely related to the peridinians Pfiesteria 
and Pfiesteria-like species (Landsberg et aI., 1994; Kuehn and 
Medlin, 2005; Litaker et aI., 2005; Fig. 12). All of these species 
feed via a tubular peduncle or pedunclelike structure. In con-
trast, the sequences from the Piscinoodinium isolate in our 
study places it in the order Gymnodiniales (class Dinophyceae, 
subclass Gymnodiniphycidae). Thus, it is most closely related 
to such dinoflagellates as the free-living Gymnodinium simplex 
and the endosymbiont Symbiodinium pilosum (Fig. 12). 
The presence of unresolved deep branches in the SSU phy-
logeny (Fig. 12) is largely due to the fact that dinoflagellates 
arose in the Precambrian (>500 mya; Moldowan and Talyzina, 
1998) and underwent a rapid radiation in the early Mesozoic 
(>200 mya; Fensome et aI., 1999). As a consequence of this 
rapid radiation and the long evolutionary time, the phylogenetic 
information required to unambiguously resolve the deeper 
branches in the phylogeny using SSU or LSU rDNA data has 
been lost (Saunders et aI., 1997). Nonetheless, molecular anal-
yses within each of the defined lineages has supported the re-
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FIGURE 12. SSU rRNA phylogeny. TI1e' parasitic species are shaded in gray followed in parentheses by the known host(s) that each of those 
species parasitizes. Class and order affiliations are noted. 
lationships determined using morphological characters (Fen-
some et aI., 1999; Daugbjerg et aI., 2000), and they would sup-
port the placement of Piscinoodinium in an order separate from 
other known parasitic species. 
From the ITS gene sequences, it was evident that the isolates 
that we examined from all 3 separate infestations belonged to 
a single species, with only 1 bp polymorphism among all the 
sequences examined. Normally, the ITS region diverges rapidly 
during speciation such that even closely related dinoflagellate 
species exhibit a significantly greater number of polymorphisms 
than observed among these isolates (Litaker et aI., 2007). 
Current taxonomic status, host specificity, and species 
diversity within the genus Piscinoodinium 
The taxonomy of Piscinoodinium species, even at the mor-
phological level, remains poorly defined, because there is very 
little data describing the ultrastructural morphology of various 
isolates (Lorn and Dykova, 1992). Also, Kofoidian plate tabu-
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lation of dinospores has yet to be determined for any isolate in 
this genus. Morphologically and developmentally, Piscinoodi-
nium most closely resembles A. ocellatum (order Peridiniales), 
although they are genetically quite distinct (Fig. 12). If Pisci-
noodinium evolved like Amyloodinium, then it might contain 
only a single species. Currently, there is only I described Amy-
loodinium species, A. ocellatum. Recent phylogenetic analysis 
of the SSU ribosomal gene sequenced from 3 cultured isolates 
of Amyloodinium (DC-I, Florida, and Red Sea) and from se-
quences of isolates from various natural infestations showed 
>99% sequence identity among the recovered SSU rDNA se-
quences. This strongly suggests that A. ocellatum is a widely 
distributed mono specific genus (Levy et al., 2007). 
The apparent lack of species diversity in the genus Amylood-
inium contrasts dramatically with that found in Ichthyobodo, an 
important flagellate ectoparasite of fish. Until recently, Ichth-
yobodo was composed mainly of a single species, l. necator. It 
is now recognized that l. necator is a complex containing at 
least 9 species with varying host preferences (Todal et aI., 2004; 
Callahan et al., 2005). This conclusion is supported by both 
SSU rRNA phylogenetic analysis and the ITS rRNA sequence 
data. If this precedent holds true for Piscinoodinium, it would 
suggest that the genus could consist of multiple, morphologi-
cally similar species with varying specificity (for host, environ-
ment, etc.). Further morphological, zoogeographical, and ge-
netic data are required to resolve whether Piscinoodinium is 
represented by a single species or rather as a species complex. 
Conclusions 
At present, there are insufficient data to make conclusions 
about the evolutionary relationships of the various dinoflagel-
late parasites that have been diagnosed as "Piscinoodinium," 
and the taxonomic status of parasites previously grouped as 
members of Piscinoodinium should be reexamined. It must be 
determined whether they are all members of the subclass Gym-
nodiniphycidae (class Dinophyceae) or whether some might fall 
within other taxa, e.g., class Blastodiniphyceae or order Peri-
diniales. Regardless, our molecular and morphological data sup-
port the conclusion that convergent evolution toward fish .ec-
toparasitism occurred independently in 2 distantly related" 
groups of dinoflagellates (the Peridiniales and the Gymnodini-
ales). 
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STRUCTURE OF THE PHARYNX IN THE ADULT NEMATODE 
ANGUILLICOLOIDES CRASSUS (NEMATODA: RHABDITIDA) 
Magdalena Brunanska*, Hans-Peter Fagerholmt, and Frantisek Moravec 
Institute of Parasitology, Biology Centre Academy of Sciences of the Czech Republic, Branisovska 31,37005 Ceske Budejovice, Czech 
Republic. e-mail: brunan@paru.cas.cz 
ABSTRACT: The structure of the pharynx of the adult female nematode Anguillicoloides crassus (Spirurina) has been studied for 
the first time using light and transmission electron microscopy. The cylindrical pharynx consists of a short anterior muscular 
corpus and an enlarged posterior glandular and muscular postcorpus. The main cellular components of the pharynx of A. crassus 
include the muscle cells, the marginal cells, the nerve cells, and 1 dorsal and 2 subventral glands. New observations for nematodes 
include: (1) the non-contractile regions of pharyngeal musculature in the corpus have specific appearance; (2) the ventrosublateral 
longitudinal nerve in the pharynx has an enlarged, enucleated anterior part, with a pronounced palmate projections; and (3) 
abundant lysosomelike membranous bodies consisting of myelinlike figures of varied size present in marginal cells and phar-
yngointestinal valve. The 2 subventral glands and, apparently, the single dorsal gland, have their openings at the same level, i.e., 
at the border between the corpus and postcorpus. The pharyngeal-intestinal valve joins the pharynx to the intestine. Knowledge 
of the ultrastructure of these complex characters may be useful in understanding of functional features, and for comparative 
morphology as well as evolutionary considerations within the Chromadorea, 
The pharynx, consisting of a shorter anterior muscular part 
and a longer posterior glandular part, is a feature generally con-
sidered to characterize the Spirurina (Nematoda) (Chitwood, 
1950), However, no detailed structural studies of the spirurid 
pharynx have been made, Therefore, the focus of the present 
study is placed on the ultrastructure of the pharynx of the spi-
rurid nematode Angullicoloides crassus (Kuwahara, Niimi, and 
Itagaki, 1974). This organism was previously reported as a spe-
cies of Anguillicola Yamaguti, 1935, until Moravec (2006) as-
signed it to Angullicoloides Moravec and Taraschewski, 1988. 
The phylogenetic position of this parasite has recently been 
addressed on the basis of molecular studies (DeLey and Blaxter, 
2002; Wijova et aI., 2006), Surprisingly, it was found that An-
guillicola (=Angullicoloides) crassus belongs to a clade isolat-
ed from the Dracunculoidea. 
In Rhabditida, including the Spirurina, the structure and 
shape of the pharynx and the degree of development of the 
pharyngeal glands are important systematic features (Chabaud, 
1975a, 1975b; Anderson and Bain, 1976). Early knowledge of 
the nematode pharynx (or esophagus) was compiled by Chit-
wood (1950). Within Rhabditina, detailed information regarding 
the pharyngeal anatomy is available mainly for Caenorhabditis 
elegans (Albertson and Thomson, 1976), as well as Zeldia 
punctata (Zhang and Baldwin, 2000), Strongylus vulgaris (Mo-
barak and Ryan, 2002), Nippostrongylus brasiliensis (Lee, 
1968), Anisakis sp. (Buzzel and Sommerville, 1985), and Tox-
ocara canis (Talluri et al., 1986), The pharynx ultrastructure 
has also been studied in some nonrhabditine groups (i.e., Ty-
lenchida [Yuen, 1968; Shepherd and Clark, 1976, 1983; Bald-
win et al., 1977; Shepherd et al., 1980; Souza and Baldwin, 
1999], Diplenteron sp. [Zhang and Baldwin, 1999], Trichurida 
[Wright, 1974], and Adenophorea [see Hoschitz et al., 2001]). 
Adult A. crassus (Anguillicolidae) occur in the swimbladder 
of the European eel (Anguilla anguilla), where it can cause 
massive mortality of the hosts (Molnar et al., 1991; Moravec, 
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1994). Some morphological data on Anguillicola (=AnguZlico-
loides) papernai Moravec and Taraschewski, 1988, and A. cras-
sus have recently been summarized by Taraschewski et al. 
(2005). The spread of this originally east Asian parasite in Eu-
rope during the 1980s has even reached the North Baltic Sea 
area of southwest Finland, Aland (data not shown). The present 
results on the pharynx ultrastructure of A. crassus might be 
useful for comparative anatomy studies, in discussing function-
al aspects of the nematode pharynx and, together with new 
biological and molecular characters, for the assessment of phy-
logenetic relationships within Chromadorea. 
MATERIALS AND METHODS 
Adult female A. crassus were recovered from the swimbladder of 
European eels A. anguilla (L.) in the Macha Lake fish pond in the Czech 
Republic and from the northern Baltic Sea in Lemland Aland, Finland. 
Live worms were rinsed in saline solution; their anterior regions con-
taining pharynx were then cut off and fixed in 2.5% glutaraldehyde in 
0.1 M cacodylate buffer (pH 7.4) for 20 hr at 4 C. The samples were 
postfixed in 1 % OS04 in 0.1 M cacodylate buffer for I hr at 4 C, 
dehydrated in a graded series of alcohol, and embedded in Epon. An-
terior regions of 2 worms were oriented for longitudinal sectioning and 
3 worms for cross-sectioning. Semithin sections for light microscopy of 
the pharynx were cut on a Reichert ultramicrotome (Reichert-lung, 
Wien, Austria) and stained with methylene or toluidine blue; 25 series 
of longitudinal sections of I worm were prepared, each consisting of 2 
longitudinal semi thin sections and 8 ultrathin sections. The sectioning 
started from the ventral side of the pharynx and continued toward the 
dorsal side. Each group of sections was followed by cutting off tissue 
10 J.1m thick. The stained semithin sections were observed and photo-
graphed by light microscopy. The transverse serial sernithin and ultra-
thin sections were made starting from the anteriormost part of the phar-
ynx of 2 specimens. Ten series of transverse sections were prepared, 
each with 2 semi thin and 2 ultrathin sections. Tissue 40 J.1m thick was 
cut off between the groups of sections. The above-described sectioning 
strategy was selected to enable an investigation of the characteristic 
features of the relatively large pharynx of A. crassus. Altogether, more 
than 100 semithin and 220 ultrathin sections of the pharynx of A. cras-
sus were studied. Ultrathin sections (60 nm thick) were cut with a Leica 
Ultracut UCT ultramicrotome, stained with uranyl acetate and lead cit-
rate, and examined in a lEOL lEM 100XS and lEOL 1010 transmission 
electron microscopes (TEM) operating at 60 and 80 kV, respectively. 
RESULTS 
General morphology 
The cylindrical pharynx of A. crass us (Fig. 1) is approxi-
mately 860 /-Lm long and opens to the outside near the buccal 
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cavity (approximately 25 /-Lm in length and 50 /-Lm in diameter). 
The pharynx consists of an anterior, narrow muscular portion 
(up to 180 /-Lm long); the corpus; and the posterior, cylindrically 
enlarged main portion containing muscles and glands, the post-
corpus (about 680 /-Lm long). Most posteriorly, the pharyngeal-
intestinal valve connects the pharynx to the intestine. 
The lumen of the pharynx is triangular or triradiate in cross 
section (Figs. 2-7). Anteriorly, at the base of the buccal cavity, 
the lumen is triangular (Figs. 2-4) and more posteriorly (100 
/-Lm from the base of the buccal cavity), it becomes gradually 
triradiate (Figs. 5-7). The pharynx is divided into 3 regions: I 
dorsal and 2 subventral. The lumen of the pharynx is lined by 
cuticle (Figs. 1, 8, 12, 15, 27-30), and a basal lamina covers 
the external surface of the pharynx (Figs. 1, 9). The main cel-
lular components of the pharynx include muscle cells, marginal 
cells, gland cells (1 dorsal and 2 subventral), and nerve cells. 
The corpus (muscular pharynx) consists of a strongly devel-
oped musculature and associated nerve elements. The muscu-
lature is grouped into a series of distinct blocks (Figs. 1, 8, 9). 
The nuclei of muscle cells occur throughout the length of phar-
ynx, especially at the base of the corpus and postcorpus as well. 
The postcorpus contains gland and muscle cells in about equal 
proportions (Fig. 1). Extensions of 1 dorsal and 2 subventral 
well-developed pharyngeal glands are incorporated among the 
muscle components of the postcorpus. 
U Itrastructu re 
Pharyngeal musculature: The pharyngeal musculature is 
formed by numerous muscle cells, which occur in all parts of 
the pharynx. As noted, muscle cells show the same basic fea-
tures, but their number and arrangement are different in the 2 
main pharyngeal portions. 
The radial muscle cells of the pharynx of A. crassus are 
monosarcomeric. Their apical surfaces are attached to the cu-
ticle of the pharyngeal lumen either through a thin zone of 
fibrous matrix, as in the most anterior portion of the pharynx 
(Fig. 8), or directly via hemidesmosomes (Figs. 12, 28). The 
basal (peripheral) surfaces of the muscle cells adhere to the 
pharyngeal basal lamina (Fig. 9). The sarcoplasm is divided 
into a contractile zone with myofibrils (Fig. 10) and a nOlicon-
tractile zone with cell organelles (Figs. 11, 12). Myofibrils com-
prise thick and thin myofilaments arranged radially or oblique-
ly. Many mitochondria, free ribosomes, and granules of gly-
cogen occur in the noncontactile part of the sarcoplasm. Mi-
tochondria are aggregated at the peripheral edges of the muscle 
cell (Fig. 11). Branched noncontractjl,e regions of the pharyn-
geal musculature appear to be characteristic for the anterior 
muscular pharynx of A. crass us. Cross sections of the pharynx 
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reveal a unique appearance of the noncontractile regions and 
show distinct signs of secretory activity (Figs. 12, 13). The 
distal part of the noncontractile region of the corpus contains 
large nuclei with distinct nucleoli (Fig. 14). 
The radial muscle cells of the terminal postcorpus have 
prominent noncontractile regions with numerous mitochondria 
and distinct nuclei. Their contractile elements are reduced rel-
ative to the corpus. Noncontractile regions of muscle cells in 
the postcorpus do not have the special appearance described for 
the anterior corpus. 
Marginal cells: Marginal cells are situated at each of the 3 
apex points of the pharyngeal lumen (Fig. 15). They extend 
from the cuticle to the basal lamina. These epithelial cells are 
relatively large in the anterior pharynx and diminish posteriorly. 
The marginal cells contain electron-dense intermediate fila-
ments running from the apical to the basal cell border, many 
mitochondria, and the nucleus. In the marginal cells, abundant 
lysosomelike membranous bodies consisting of myelinlike fig-
ures of various sizes are localized mainly close to the cuticle 
(Figs. 15, 16). 
Nerve cells: The pharyngeal nervous system of A. crassus 
includes 3 large longitudinal neurons (1 mediodorsal and 2 ven-
trosublateral) and numerous small axons. The number ofaxons 
was not enumerated. 
A ganglion consisting of individual axons in the proximal 
region of the corpus, just behind the base of the buccal capsule, 
is interconnected with an anterior peripheral zone of loosely 
packed fibers (Fig. 17). This zone of fibers is present only at 
the base of the buccal capsule and passes anteriorly, forming a 
small zone at the base of the oral denticle. 
A large longitudinal ventrosublateral nerve shows high neu-
rosecretory activity (Figs. 18, 19). Most anteriorly, it has an 
enlarged region with palmate projections, containing neuro-
plasm with neurosecretory vesicles of various sizes (Fig. 18) 
and the nucleus with distinct nucleolus (Fig. 19). 
A branched net of neurons and neural elements is situated at 
the border between the corpus and postcorpus (Fig. 20). The 
neuroplasm contains a large nucleus, dense mitochondria, and 
electron-dense neurovesicles (Fig. 21). 
In the glandular pharynx (postcorpus), the axons are located 
mainly peripherally and are closely associated with the gland 
cells. A pronounced nerve ganglion and numerous neurons are 
associated with each gland duct opening (Figs. 22, 27-29). 
Gland cells: One dorsal and 2 subventral glands extend along 
the posterior enlarged portion of the pharynx, the postcorpus 
(FIg. 1). They show common ultrastructural features, charac-
teristic for merocrine glands. The distal parts of the glands are 
situated in the basal postcorpus and contain a large nucleus with 
FIGURES 1-7. Light microscopy showing general features of the pharynx in A. crass us. (1) Longitudinal semithin section (ventrodorsal view) 
through the middle part of the pharynx. sOl, subventral glands; I, intestine; LS, left side of the worm; Mu, bands of pharyngeal musculature; N, 
nucleus of muscle cell; OD, oral denticles; PlY, pharyngeal-intestinal valve; RS, right side of the worm. Bar = 47 fLm. (2) Roundish profile of 
the contacted pharynx (L) about 25 fLm behind the base of the buccal cavity. Bar = 13 fLm. (3) Triangle with convex sides is characteristic of 
the shape of the pharynx in cross section more posteriorly (65 fLm from the base of the buccal cavity). Bar = 13 fLm. (4) Triangular profile of 
the pharynx about 100 fLm from the base of the buccal cavity. This triangular shape is attained also at the beginning of the pharynx when it is 
less contracted. Bar = 13 fLm. (5) The lumen of the pharynx is enlarged at the level 140 fLm from the base of the buccal cavity. dOl, dorsal 
gland; sOl, subventral gland. Bar = 13 fLm. (6) Triradiate shape at about 180 fLm from the base of the buccal cavity. dOl, dorsal gland; sOl, 
subventral gland. Bar = 13 fLm. (7) Approximately 220 fLm from the base of the buccal cavity, the triradiate lumen of the pharynx (L) is 
substantially enlarged compared with more anterior levels. dOl, dorsal gland; sOl, subventral gland. Bar = 13 fLm. 
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a prominent nucleolus (Fig. 23) and an extensive rough endo-
plasmic reticulum closely associated with Golgi complexes 
(Fig. 24). The nucleus is surrounded by a narrow region con-
taining mitochondria and gland collecting canaliculi (Fig. 25). 
The latter have small openings, transporting tiny electron-dense 
secretory granules that are produced by rough endoplasmic re-
ticulum. The cytoplasm of the perinuclear region contains elec-
tron-dense fibrils (Fig. 26). Each cell contains gland collecting 
canals running anteriorly, and then branching. Longitudinal sec-
tions through the anterior part of the glandular region of the 
pharynx show that the projections of the subventral gland at 
this level form a prominent ampulla (Fig. 27). Each subventral 
gland and the dorsal gland (not shown) open into the lumen of 
the pharynx by a short duct lined by a pharyngeal cuticle (Figs. 
28, 29). The orifices of the glands are situated at the same level, 
about 165 f1m from the base of the buccal cavity and 190 f1m 
from the anterior extremity of the nematode. 
Pharyngeal-intestinal valve: The pharynx is linked to the 
intestine by a pharyngeal-intestinal valve (Figs. 1, 30, 31), 
which is flattened in the dorsoventral direction and almost com-
pletely separated from the pharynx. The cuticular lining of the 
pharynx ends at this level (Fig. 30). The epithelial cells of the 
valve contain many mitochondria, a nucleus, and lysosomelike 
bodies similar to those in the marginal cells. The cells of the 
pharyngointestinal valve are contiguous to cells of the intestine 
(Fig. 31). 
DISCUSSION 
Results of this investigation on the pharynx of A. crassus 
females (Anguillicolidae) corroborate statements that the phar-
ynx of spirurid nematodes (subclass Rbabditia) is a simple cyl-
inder, often divided into shorter anterior muscular and longer 
posterior glandular portions (Chitwood and Chitwood, 1950; 
Chabaud, 1975a, 1975b; Fagerholm, 1982; Malakhov, 1994; 
Moravec, 1994; Bush et aI., 2002; Baldwin and Perry, 2004; 
Roberts and Janovy, 2005). The length of the pharynx of A. 
crassus females varies between 0.78 and 1.09 mm and differs 
from that in males (Moravec, 1994). 
The form of the pharyngeal lumen, the position and I}ltra-
structure of pharyngeal glands and the pharyngeal nervous sys-
tem might be of use in nematode systematics at higher taxo-
nomic levels (Chitwood and Chitwood, 1950). 
The lumen of the pharynx of A. crassus is triangular ante-
riorly and becomes triradiate toward the pharyngointestinal 
junction, as in the rhabditid C. elegans (Albertson and Thomp-
son, 1976) and nematodes in generaJ.. ,More posteriorly, the lu-
men of the pharynx of A. crassus widens, gradually resembling 
the adenophorean Leptonemella juliae (Hoschitz et aI., 2001). 
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Actually, the triradiate symmetry is supposed to be the only 
suitable arrangement for a muscular pump from a biomechan-
ical point of view (Malakhov, 1994). 
The strongly developed musculature of the anterior pharynx 
in A. crassus appears to correlate well with the feeding behavior 
(Le., this parasite feeds on blood inside the swimbladder of the 
host; Moravec, 1994). In contrast, some tylenchids, which feed 
passively, have less developed muscular pumps than active 
feeders (Shepherd and Clark, 1983). 
The cuticle of the pharynx is, in addition to the egg shell, 
apparently the only region of the nematode containing chitin 
(Neuhaus et al., 1997; Zhang et al., 2005). This feature might 
relate to the special way of cuticle formation suggested for the 
pharynx. Most of the pharyngeal muscle cells in nematodes 
appear to participate directly in secreting cuticle, and thus have 
myoepithelial properties (Albertson and Thomson, 1976; 
Wright and Thomson, 1981; Bird and Bird, 1991; Baldwin, 
Frisse et aI., 1997; Baldwin, Giblin-Davis et aI., 1997). Signs 
of secretory activity are present in the noncontractile regions 
of the muscle cells in the anterior pharynx (corpus) of A. cras-
sus. In C. elegans, the cytoplasm of pm6 is particularly spe-
cialized in secretory activity in the region underlying the grind-
er of the terminal pharynx. The pharynx of A. crassus has no 
grinder, but the corpus certainly undergoes a high rate of con-
traction during normal function when it is directly involved in 
food (blood) uptake. The noncontractile regions of muscle cells 
in the muscular pharynx (corpus) of A. crassus might be func-
tionally homologous with pm6 of C. elegans. To our knowl-
edge, prominent specific noncontractile regions of pharyngeal 
muscle cells comparable to those of A. crassus have never been 
_ described in pharynges of nematodes. The most anterior mus-
culature of N. brasiliensis (also a blood-feeding nematode) has 
been reported as bulblike and structurally distinguishable from 
the most posterior musculature of the pharynx (Wright, 1976), 
thus resembling differences in the musculature of the corpus 
and postcorpus in A. crassus. Interestingly, the presence of non-
contractile regions of pharyngeal musculature similar to A. 
crassus has been reported only in Gnathifera (Herlyn and Eh-
lers, 1997). Further observations of the corpus in other spirur-
ids, hookworms, or both might elucidate the occurrence, ultra-
structure, and function of this remarkable special arrangement 
of noncontractile regions of muscle cells in the anterior pharynx 
of nematodes. At the same time, such studies could help to look 
for convergent feeding morphology of "blood feeders." 
The marginal cells of A. crassus occur at the 3 comers of 
the pharyngeal lumen in cross sections, similar to other nema-
todes (Bird and Bird, 1991). Intermediate filaments running 
from the apical to the basal borders of the cell might supply 
FIGURES 8-14. TEM photographs of muscle cells of the corpus of the pharynx of A. crassus. (8) Longitudinal section through the anterior portion 
of the pharynx showing pharyngeal musculature. Mc, contractile regions of the pharygeal musculature; Mn, part of the noncontractile region of 
the pharygeal musculature; Fi, fibrous tissue; C, cuticle. Bar = 5 /-Lm. (9) Radial muscle cells adhering to the basal lamina (BL) as seen in 
longitudinal sections. Me, contractile regions of the pharyngeal musculature; Mn, noncontractile region of the pharyngeal musculature; Rd, 
hemidesmosome. Bar = 5 /-Lm. Mn, part of the noncontractile region of the pharyngeal musculature; Fi, fibrous tissue; C, cuticle. Bar = 5 /-Lm. 
(10) Transverse section of the contractile region of the muscle cells. My, myofilaments; GI, glycogen. Bar = 0.5 /-Lm. (11) Mitochondria (Mi) in 
the noncontractile region of the radial muscle cells. Bar = 0.5 /-Lm. (12) Portion of the noncontractile region of the pharyngeal musculature (Mn) 
surrounded by the contractile region (Me) only observed in transverse sections of the anterior part of the muscular pharynx. Bar = 3 /-Lm. (13) 
Dense secretory granule (G) within extended noncontractile region of the pharyngeal musculature (Mn). Bar = 1 /-Lm. (14) Nuclei (N) with 
nucleoli (Nu) within the noncontractile region of the pharyngeal musculature (Mn). Bar = 2.5 /-Lm. 
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FIGURES 15-17. Ultrastructure of the pharyngeal marginal and nerve cells of A. crassus. (15) Transverse section of the marginal cell showing 
thick cuticle (C) in the apical part of the cell, tonofibrils (Fb), mitochondria (Mi), and numerous lysosomelike bodies (Ly). Mc, radial muscle 
cells. Bar = 7 IJ.m. (16) A detail of the lysosomelike bodies (Ly) containing only membranes and homogeneous substance. Bar = 3 IJ.m. (17) 
Longitudinal section of the anterior region of the anterior muscular pharynx at the base of the buccal cavity. Ganglion (Gn) is closely connected 
with the fibrous tissue (Fi). Mc, contractile region of radial muscles; Mn, noncontractile region of radial muscles; OD, oral denticle. Bar = 2.5 IJ.m. 
~ 
FiGURES 18-22. Ultrastructure of the pharyngeal nerve cells of A. crassus. (18) Longitudinal section of the anterior part of the muscular 
pharynx showing longitudinal nerve (LN) and its anterior enlargement forming palmate projections (P). NY, neurosecretory vesicles; Mc, muscle 
cells. Bar = 7 IJ.m. (19) Nucleus (N) with nucleolus (Nu) of the longitudinal nerve (shown in Fig. 18) is situated inside the enlarged palmate 
region (P). Bar = 7 IJ.m, (20) Neurons of the second nerve ring have neuroplasm with a large number of free ribosomes and mitochondria (Mi). 
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Note the close connection between nerve cells (NC) and the basal noncontractile region of muscular pharynx (Mn) rich in glycogen (01). Bar = 
2.5 f-Lm. (21) The nucleus (N) of the nerve cell in the second nerve ring. Mi, mitochondria. Bar = 4 f-Lm. (22) Longitudinal section of the pharynx 
showing band of neurons (NC) associated with the gland opening of the subventral gland (Os) in the anterior part of the postcorpus. Bar = 5 fJ.m. 
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FIGURES 23-26. Ultrastructure of the pharyngeal glands of A. crassus. (23) The nucleus (N) of the left subventral gland is situated in the basal 
part of the postcorpus. Nu, nucleolus; DG, dense secretory granule.s. Bar = 8 ].Lm. (24) Formation of the dense secretory granules in a gland cell. 
Note the 2 types of secretory granules: reticulate (RG) and dense granules (DG). GA, Golgi apparatus; ER, endoplasmic reticulum. Bar = 2.5 
].Lm. (25) Transport of small dense granules (DG) through the canaliculi (Ca) in the postcorpus as seen in longitudinal section of the pharynx. 
Bar = 2 ].Lm. (26) Electron-dense fibrils (Fb) within cytoplasm of the pharyngeal glands occur mainly in the basal part of the postcorpus. Bar = 
3 ].Lm. 
reinforcing strength to the pharynx. The numerous mitochon-
dria and lysosomelike bodies in the marginal cells of A. crassus 
might suggest that they also have an active role in digestion. 
Similar lysosomelike bodies were described in the intestine of 
the strongyloid nematode Ancylostoma caninum, the hookworm 
in the intestine of dogs (Andreassen, 1968). 
Interspersed among muscles of the pharynx of A. crassus are 
3 gl~mds, 1 in the dorsal and 2 in the subventral regions, as in 
other nematodes of the "spiroascarid" branch (Malakhov, 
1994). Three glands occur in the pharynx of the Tylenchida and 
Diplenteron sp. (Yuen, 1968; Shepherd and Clark, 1976, 1983; 
Baldwin et aI., 1977; Shepherd et aI., 1980; Souza and Baldwin, 
1999; Zhang and Baldwin, 1999), as well as in the Strongyloi-
dea (McLaren, 1974). In contrast, within the Rhabditina, 5 pha-
FIGURES 27-29. TEM micrographs of the gland openings in the pharynx of A. crassus. (27) Longitudinal section of the pharynx showing 
ampulla region (Am) in the terminal part of the subventral gland cells (sGl) and cuticularized gland ducts (Du) in both subventral glands. Note 
that the ganglion (Gn) and nerve cells (NC) anterior to the gland ducts are situated at the same level, similar to the gland openings. Bar = 10 
].Lm. (28) A detail of the next serial section (of Fig. 27) showing cuticularized opening of right subventral gland (Os), membraneous material 
within the ampula (MM), and ganglion (Gn) in the vicinity of the gland opening. C, cuticle; H, hemidesmosomes. Bar = 2.5 ].Lm. (29) Longitudinal 
section through the pharynx showing details of the gland opening (Os) of the left subvebtral gland. Gn, ganglion. Bar = 4 ].Lm. 
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FIGURES 30-31. TEM micrographs of the pharyngeal-intestinal valve of A. crassus. (30) The base of the postcorpus (Pc) and adjoining 
pharyngeal-intestinal valvae (PlY). Note the cuticle (C) is vanished at the point where the pharyngeal-intestinal valvae is initiated. Bar = 10 
flom. (31) The basal part of the pharyngeal-intestinal valve (PlY) connected to the intestine (1). PlY contain nucleus (N) and lysosomelike bodies 
(Ly) occurring primarily in the marginal cells. Bar = 10 flom. 
ryngeal glands are present (Albertson and Thomson, 1976; 
Zhang and Baldwin, 2000). These pharyngeal glands connect 
with the lumen of the pharynx by means of cuticularized ducts, 
as is the case in most nematodes (Bird and Bird, 1991). In the 
Rhabditida, the single dorsal gland opening is reported to be in 
the anterior part of the pharynx, whereas the subventral glands 
open in the posterior pharynx (Malakhov, 1994). In Spirurida, 
namely in the dracunculoid nematode species of Philonema 
Kuitunen-Ekbaum, 1933, all 3 gland orifices are located in the 
glandular region of the pharynx (Chitwood and Chitwood, 
1950) as in A. crassus in this study. The only difference is that 
the pharyngeal glands in A. crassus are mononucleate, whereas 
in Philonema spp., they are considere"d'to be multinucleate. To 
locate the gland openings in other spirurids, further comparative 
studies are needed. 
Pharyngeal gland secretions can be either ejected through the 
oral orifice in the case of extracorporeal digestion or passed 
into the intestine with the food in intracorporeal digestion (Chit-
wood and Chitwood, 1950). The position of the gland openings 
in A. crass us placed at the same level, slightly anteriorly to the 
nerve ring, could suggest that secretions are involved in both 
intracorporeal and extracorporeal digestion. In addition, pha-
ryngeal secretion is reported to be involved also in anticoagu-
lation (Pritchard, 1995; Bush et a!., 2002). The innervation of 
the pharynx of A. crassus suggests that the release of secretory 
material is likely to be modulated by the nervous system. 
Specialized axons of the pharyngeal nervous system in A. 
crassus accompany the pharyngeal glands, especially their 
openings. These axons meet in a ganglion localized close to the 
subventral gland openings. The position of ganglia proximally 
to the gland openings in A. crassus can resemble pharyngeal 
ganglia situated at the level of the nerve ring in Ascaris spp. 
(Wright, 1974). In the literature available, however, a ganglion 
resembling the structure of that in A. crassus has not previously 
been described. 
Another ganglion is present in the anterior pharynx of A. 
crassus. This one is interconnected with a small zone of fibers 
found at the base of the buccal cavity, which extends toward 
the base of the oral denticles, thus resembling an irregular zone 
of loosely packed fibrils at the base of the lips in Rhabdode-
mania minima (Hope, 1988). It is likely that the anterior gan-
glion is involved in controlling the attachment of the parasite 
to the host, the feeding mechanism, or both. 
The palmate enlargement of the proximal terminal part of the 
ventrosublateral neuron resembles fingerlike processes in the 
terminal part of the dendrite of nematode sensory organs in 
amphids (McLaren, 1976; Wright, 1976; Ashton and Schad, 
1996) or phasmids (Fagerholm et a!., 2004, and citations there-
in). Similarly, as in sensory dendrites, it has a strong neurose-
cretory activity. To our knowledge, this type of neuron, sug-
gesting that the medioventral neuron of A. crassus might serve 
as receptor within the pharyngeal wall, has not previously been 
reported in the nematode pharynx. 
Although results of this study provide some information on 
the basic ultrastructure of the pharynx in the spirurid nematode 
A. crassus, further work is required in this field. Micromor-
phology of the buccal capsule of A. crassus would contribute 
to better understanding of function of the digestive system in 
this nematode. The structure of the pharynx in other Spirurida, 
a very diverse and species-rich group, should reveal character-
istics that might be useful in testing the "reciprocal illumina-
tion" between morphological and molecular characters as the 
most promising method for reconstructing evolution of nema-
todes (Zhang and Baldwin, 2000; DeLey and Blaxter, 2002; 
Baldwin and Perry, 2004). 
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LlMOUSIN BREED IN COW-CALF HERDS IN ANDORRA, EUROPE 
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ABSTRACT: Neospora caninum seroprevalence and risk factors affecting seroprevalence in beef cattle in Andorra were investi-
gated. Antibodies to N. caninum were evaluated by enzyme-linked immunosorbent assay performed on a yearly basis in 1,758 
animals older than 6 mo, belonging to 26 herds. Mean seroprevalence of antibodies to N. caninum for the herds was 7.4 :!: 1.2% 
(130/1,758). Logistic regression analyses were performed on data from each animal, considering N. caninum seropositivity as 
the dependent variable, and herd, grazing area, year of sampling, repeat-test animal (animals sampled twice or more), sex, breed, 
age (animals <4 yr old or ~5 yr old), and country of birth as possible risk factors. Based on the odds ratio, the prevalence of 
infection was 2.1 times higher (P < 0.01) in animals from the Ordino grazing area, 1.64 times higher in animals older than 5 
yr (P < 0.01), and 6.7 times (1/0.15) lower in Limousin-mixed Limousin cattle (P < 0.002). The results suggest that the 
particular grazing location could promote the horizontal transmission of this parasite and that certain breeds are less susceptible 
to N. caninum infection than others. 
Neospora caninum causes abortion losses in both dairy and 
beef cattle in many countries. However, relatively little is 
known about the disease in beef cattle, because most of the 
studies have been performed on dairy herds. Nevertheless, 
abortions and neonatal deaths have also been reported in beef 
cattle as in the dairy industry, and N. caninum infection has 
been described as a significant cause of economic losses for the 
beef industry (McAllister et al., 1996; Waldner et aI., 1998, 
1999; De Meerschman et aI., 2002). 
Several studies have shown a lower prevalence of infection 
in beef cattle compared with dairy herds (Dubey et aI., 2007). 
Thus, in a recent comparison of N. caninum seroprevalence in 
cattle in Europe, seroprevalences in beef cattle were lower than 
those observed in dairy cattle, and in Spain seropositivity was 
reported to be significantly associated with herd type (Bartels 
et al., 2006). Intensive herd management has been linked to an 
increased seropreva1ence of N. caninum (Sanderson et aI., 2000; 
Otranto et aI., 2003). However, a lower risk of abortion has also 
been noted in infected beef cows compared with dairy cows 
(De Meerschman et aI., 2000). De Meerschman et ai. (2002) 
detected significantly more prominent and extensive intracere-
bral lesions in dairy than in beef fetuses. In addition, the use 
of beef bull semen in seropositive dairy cows has recently been 
found both to reduce infection prevalence (hybrid calves were 
not logically used for replacement), and, more importantly, to 
dramatically reduce abortions in dairy cattle (L6pez-Gatius et 
al.,2005). 
Few studies have been performed on beef cattle in Europe. 
Recently, we reported an N. caninum-related abortion in a cow-
calf herd in a mountain region of Andorra, which was the first 
confirmed case of N. caninum abortion in an acutely infected 
cow (Armengol et aI., 2006). Andorra is a small country located 
in the Pyrenean area between Spain and France. The beef in-
dustry within the country is primarily based on a cow-calf sys-
tem. Beef cattle make a significant contribution to the agricul-
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tural income, but beef herds are generally small, with their av-
erage size less than 70 animals; very few producers raise cattle 
as their only farming enterprise. The present study presents the 
results of a serological survey performed to clarify the extent 
to which N. caninum infection is present in beef cattle in this 
country and to design control measures for this particular cattle 
management system. 
MATERIALS AND METHODS 
Animals and serological tests 
Over 5 yr (2001-2005), blood samples were collected from 1,758 
cattle in 26 herds reared in 5 different regions, or counties (called "par-
roquias"), of Andorra's 7 parroquias. Most of the animals tested were 
cows (1,700 of 1,758 animals). All herds were included in the genetic 
program for improvement of Bruna d' Andorra (Brown Swiss) breed, 
which started in 2001, and they were under the government health con-
trol program for quality meat of Andorra. 
Cattle from each parroquia graze together in communal pastures 
(from 1,500 m up to 2,300 m in altitude) in the summer. The herds 
sampled accounted for about 50% of all the beef herds (and about 50% 
of all beef cattle) in. the country. From 2001 to 2005, blood samples 
were collected on a yearly basis. When possible, all the animals in each 
herd were sampled, with the exception of calves aged less than 6 mo 
to avoid colostrum antibodies. The number of animals sampled in each 
herd ranged from 3 to 208, with some animals sampled 2, or more, 
times throughout the study. 
Serum was separated in each blood sample by centrifugation, and 1-
ml aliquots were stored at -20 C until the time of analysis. The sera 
were tested for specific antibodies to N. caninum using a commercial 
enzyme-linked immunosorbent assay (ELISA) kit based on the whole 
tachyzoite lysate of Neospora NC-1, according to the manufacturer's 
instructions (CNTEST@, Hipra, Girona, Spain). A cut-off value ~1O 
was taken as a positive test result. 
We also tested the sera of 8 dogs owned by farmers with beef herds 
in the area using the indirect immunofluorescence test (Ortuno et al., 
2002). 
Management 
The herds were subjected to an extensive management program tra-
ditionally applied in mountain areas throughout the grazing season. 
Briefly, the animals in each parroquia graze communal pastures situated 
at elevations of 1,500 to 2,300 m along with other herds during the 
summer (July-October). Then, from October to the beginning of De-
cember, the cattle graze on hay meadows at a lower elevation (from 
approximately 900 to 1,500 m). From December to March, because of 
snow, the animals are housed indoors. In the spring, they return to the 
hay meadows (March-June) before they are taken to the areas of higher 
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TABLE I. Risk factors assessed for their effects on the incidence of N. caninum seropositivity (n = 1,758 animals). 
Ranges of 
N. caninum 
seropositivity 
Mean ± SD within classes 
Risk factor n classes Class description (n animals per class, or ranges within classes) animals per class (%) 
Year of sampling 5 
Repeat-test animal 2 
2001 (197), 2002 (461), 2003 (500), 2004 (549), 2005 (51) 
Animals sampled once (399) 
5.9-13.7 
7.1-8.5 
Animals sampled 2 or more times (1,359) 
Grazing area (parroquia) 5 Encamp (798), Canillo (648), Ordino (213), La Massana (84), 
Sant Julia (15) 
6.6-20 
Herd 26 (Range 3-208 animals) 68 ± 55 
Country of birth 5 Andorra (964), Spain (522), France (227), Germany (36), 
0-25 
0-9.8 
Austria (9) 
Age 2 
Breed 10 
Years old: <4 (844), 2::5 (914) 
(Range 3-905) 176 ± 281 
5.2-9.4 
0-12.5 
1.7-7.6 Sex 2 Male (58), female (1,700) 
elevation in July. In these areas, cattle have frequent contact with wild-
life. Also, in these high pastures, it is difficult for farmers to access 
dams and aborted fetuses. 
Reproduction in the herds is achieved through natural mounting, with 
bulls sharing grazing areas with cows during the summer. Heifers graze 
separately from bulls until they are at least 3 yr old to avoid reproduc-
tion in younger animals. Replacement animals are usually born in the 
herds, although some are purchased in neighboring countries, such as 
Spain and France. A few animals present in the herds were purchased 
in Germany or Austria at least 10 yr ago. 
Each herd may contain several different breeds. The breeds analyzed 
here included Bruna d' Andorra (Brown Swiss)-mixed Bruna d' Andorra 
(breed I), Charolais-mixed Charolais (breed 2), Gascon-mixed Gascon 
(breed 3), Aubrach (breed 4), Deutsche Fleckvieh-mixed Deutsche 
Fleckvieh (breed 5), Blonde d' Aquitanie-mixed Blonde d' Aquitanie 
(breed 6), Limousin-mixed Limousin (breed 7), mixed Friesian (breed 
8), Deutsche Braunvieh (breed 9), and mixed Montbeliarde (breed 10). 
Mixed animals in the herds were classified according to their mothers, 
e.g., mixed Bruna d' Andorra is an animal whose mother is Bruna 
d' Andorra and whose father is a bull of a different breed. 
Statistical analysis 
Logistic regression analyses were performed on data from each ani-
mal according to the method of Hosmer and Lemeshow (1989), using 
the SAS statistics program version 8.2 (SAS Institute, Cary, North Car-
olina). Neospora caninum seropositivity was considered the dependent 
variable, and herd, area (parroquia), year of sampling, repeat-test animal 
(animals sampled 2, or more, times throughout the study period), breed, 
sex, age «4 and 2::5 yr), and country of birth as independent variables. 
Basically, this method involves 5 steps as follows: preliminary screen-
ing of all variables for univariate associations; construction of a full 
model using all the variables found to be significant in the univariate 
analysis; stepwise removal of nonsignificant variables from the full 
model, and comparison of the reduced model with the previous model 
for model fit and confounding; evaluation of interactions among vari-
ables; and assessment of model fit using Hosmer-Lemeshow statistics 
(Hosmer and Lemeshow, 1989). Variables with univariate associations 
showing P < 0.25 were included in the initial model. We continued 
modeling until all the main effects or interaction terms were significant 
according to the Wald statistic at P < 0.05. 
RESULTS 
In total, 130 of 1,758 animals in 26 herds had N. caninum 
antibodies, rendering a mean seroprevalence of 7.4%. Twenty-
two of the 26 herds had at least I seropositive animal (herd 
prevalence 84.6%). Only 1 of 58 bulls examined was seropos-
itive. Table I provides data on the variables assessed for their 
possible effects on the extent of N. caninum seropositivity. 
The factors identified as affecting the extent of N. caninum 
seropositivity included the grazing area, age, and breed. Table 
II shows the variables finally included in the logistic model. 
Based on the odds ratio, the prevalence of infection was 2.1 
times higher (P < 0.01) in animals from the Ordino grazing 
area, 1.64 times higher in animals older than 5 yr (P < 0.01), 
TABLE II. Odds ratios of the variables incll!qed in the final logistic regression model for Neospora seroprevalence in beef cattle in Andorra.* 
Independent 
(explanatory) 
variables Class n % Seropositivity Odds ratio 95% CI 
Age (yr) <4 844 5.2 
2::5 914 9.4 1.64t 1.10-2.45 
Grazing area 5 classes 1,758 7.4 
Ordino 213 8.5 2.10:1: 1.14-3.85 
Breed 10 classes 1,758 7.4 
Breed 7 155 1.3 0.15§ 0.03-0.61 
* Likelihood ratio test = 861.6; 14 df, P = 0.0001. Hosmer and Lemeshow goodness of fit statistics = 7.08, 8 df, P = 0.53 (the model fits). 
t Odds for a 2:5-yr-old cow, compared with younger animals. 
* Odds for a cow grazing in the Ordino area, compared with cows grazing in the remaining areas. 
§ Odds for a breed 7 cow (Limousin-mixed Limousin), compared with cows of the remaining breeds. 
P 
0.016 
0.02 
0.Q18 
0.04 
0.008 
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and 6.7 times (110.15) lower in animals of the Limousin-mixed 
Limousin breed (P < 0.002). Logistic regression analysis in-
dicated no significant effects of the year of sampling, repeat-
test animal, sex, herd, or country of birth for N. caninum se-
roprevalence. 
Animals of the Limousin-mixed Limousin breed were pre-
sent in 16 of the 26 herds sampled (61.5%), ranging from 1 
animal to 42 animals. These herds represented each parroquia, 
with the exception of Sant Julia parroquia, where only 15 ani-
mals of Bruna d' Andorra (Brown Swiss) breed were sampled. 
In all the herds where Limousin-mixed Limousin animals were 
present, other breeds were always present. Only 2 animals in 
the total of 155 Limousin-mixed Limousin animals sampled 
were seropositive. 
Three of 8 dogs associated with 5 beef herds had antibodies 
against N. caninum (seroprevalence 37.5%). 
DISCUSSION 
The present study is the first report of the seroprevalence of 
N. caninum infection in beef cattle in Andorra. Almost 85% of 
the 26 herds analyzed had been exposed to N. caninum and had 
at least I seropositive animal. In Europe, seroprevalences cited 
for beef herds include 61 % for 82 herds in The Netherlands, 
46% for 372 herds in Spain, and 41 % for 106 herds in Germany 
(Bartels et aI., 2006). The high herd seroprevalence observed 
in the present study could be due to the low number of herds 
analyzed. 
Although herd prevalence was high, prevalence of N. can-
inum was low (7.4%). In Spain, probably the most suited coun-
try for comparison due to its proximity and because some of 
the animals in Andorra were purchased in Spain, Quintanilla-
Gozalo et al. (1999) and Bartels et al. (2006) observed a higher 
animal prevalence in beef cattle (17.9 and 15.8% animal prev-
alence, respectively). In a previous study performed in a herd 
in Andorra in which N. caninum abortion was reported (Ar-
mengol et aI., 2006), we also observed a low infection sero-
prevalence (9.2%). The low animal prevalence of the disease 
in Andorra's herds is probably related to the extensive man-
agement to which these animals are subjected. In extensive cat-
tle production systems, i.e., cow-calf, the probability of contact 
with oocysts is lower than in dairy cattle kept under more con-
fined conditions. In addition, in dairy herds, larger numbers of 
animals are replaced within the herd, increasing the risk of ver-
tical, or endogenous, transplacental transmission. 
During the study year, no significant seroprevalence differ-
ences were observed, suggesting all'' 'enzootic situation for N. 
caninum infection. Age, summer grazing area of the herds, and 
breed emerged as the main risk factors affecting seroprevalence 
of infection in the country. Differences in seroprevalence were 
highly significant between age groups such that, based on the 
odds ratio, cows 2':5 yr old had a risk of infection that was 
increased by a factor of 1.64. The summer grazing area was 
also identified as a major risk factor for N. caninum infection. 
During the summer, animals in different herds graze together, 
such that communal grazing areas could be a common source 
of oocysts. Our results suggest that N. caninum seropositivity 
increases with age in extensive systems, as observed by Dyer 
et al. (2000) and Dijkstra et al. (2001). This would indicate that 
horizontal or exogenous transplacental transmission in the graz-
ing areas is the main route of transmission in the beef cattle 
herds of Andorra. In agreement with these results, in a previous 
report of an N. caninum abortion in Andorra, we found that the 
animal that aborted had become infected just a few weeks pre-
viously (Armengol et aI., 2006). 
Epizootiological studies and field observations are providing 
increasing evidence of the occurrence of horizontal, or exoge-
nous, transplacental infection in cattle (Dubey et aI., 2006). De-
spite the high efficiency of vertical, or endogenous, transpla-
cental N. caninum transmission, infection cannot be sustained 
without horizontal transmission (French et aI., 1999). Horizon-
tal transmission is indicated by features such as point-source 
exposure in N. caninum abortion outbreaks, increasing sero-
positivity with age, and/or the lack of an association between 
the seropositivity of dams and daughters in infected herds (re-
viewed by Dubey et aI., 2006). Seropositivity relationships be-
tween dams and their daughters could not be assessed in the 
present study due to small size of Andorran herds. 
Canids are considered the main risk factor for postnatal trans-
mission of N. caninum. In the present study, 5 of 8 dogs tested 
had N. caninum antibodies. Dogs walked by their owners, along 
with hunting dogs and sled dogs in winter, are common in the 
pastures grazed by cattle in the spring. It is not known whether 
there are any definitive hosts of N. caninum in Andorra other 
than dogs. Red foxes are common in the areas of study, and 
they have been observed eating aborted fetuses and placentas 
in high-mountain areas. Indeed, there have been reports of N. 
caninum infection in red foxes (Buxton et aI., 1997; Almeria et 
aI., 2002); indications exist that the gray fox is a risk factor for 
N. caninum infection in beef cattle (Barling et aI., 2000), and, 
recently, N. caninum oocysts were found in red foxes in Canada 
(Wapenaar et aI., 2006). Red fox infection levels in Andorra 
are unknown. 
Another risk factor identified here for N. caninum infection 
was cattle breed. Thus, Limousin-mixed Limousin animals 
showed a significantly lower seroprevalence compared with 
other breeds, including Charolais and Bruna d' Andorra (Brown 
Swiss). Limousin is extremely well suited for its only intended 
purpose, i.e., to produce meat. Differences in N. caninum se-
roprevalence levels among breeds have been observed in a few 
studies. In a recent survey, special cattle breeds in Spain, main-
ly native breeds pasturing in highlands at very low stocking 
densities, as occurs in Andorra, were found to be significantly 
less likely to test seropositive compared with other breeds, 
whereas in Sweden, Swedish Red and White breed cattle were 
more likely to test N. caninum positive compared with other 
breeds (Bartels et aI., 2006). Furthermore, the insemination of 
seropositive dairy cows with semen from beef cattle has been 
observed to significantly reduce the risk of abortion in dairy 
cattle (L6pez-Gatius et aI., 2005). Interestingly, the beef cattle 
breed that most reduced the abortion risk of dairy cattle was 
Limousin (12.6% abortion in 175 pregnancies) compared with 
Holstein-Friesian (31.8% abortion in 434 pregnancies) (Garcia-
Ispierto et aI., 2005). In the present study, the Limousin breed 
showed a likelihood of infection that was 6.7 times lower than 
that noted in other dual-purpose, or beef cattle, breeds. Future 
studies should examine the possibility that certain breeds, e.g., 
Limousin, are less susceptible to N. caninum infection than oth-
er breeds. 
In Andorra, infected individuals constitute a potential risk for 
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spread of the disease due to vertical, or endogenous, transpla-
cental transmission. Measures aimed at eliminating infection in 
the herds should be combined with preventive measures to 
avoid reinfection. Within-herd prevalence should be reduced by 
making sure that heifers testing positive are not used for re-
placement or even by culling seropositive cows that have abort-
ed if herd prevalence is low. When new animals are purchased, 
they should be tested to ensure they are free from infection. 
Measures to remove placentas and aborted fetuses from infected 
cows should be adopted when possible to avoid ingestion by 
canids. In addition, dogs should not be allowed to contaminate 
stored food or straw. Restricting dogs from cattle grazing areas, 
although difficult, should also be considered. Alternatively, the 
presence of farm dogs may reduce visits by wild canids and 
feral dogs and reduce seroprevalence of infection (Barling et 
al., 2001). 
In conclusion, the results of the present study suggest that 
the grazing site can promote the horizontal transmission of N. 
caninum infection in extensively managed cattle in high-moun-
tain areas and that under this type of management system, cer-
tain breeds are less susceptible to N. caninum infection than 
other breeds. 
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NEOSPORA CAN/NUM AND TOXOPLASMA GONDII ANTIBODIES IN DOGS FROM 
DURANGO CITY, MEXICO 
J. P. Dubey, C. Alvarado-Esquivel*, O. Liesenfeldt, R. G. Herrera-Flores:j:, B. E. Ramfrez-Sanchez:j:, 
A. Gonzalez-Herrera§, S. A. Martinez-Garcla*, L. A. Bandini, and O. C. H. Kwok 
United States Department of Agriculture, Agricultural Research Service. Animal and Natural Resources Institute, Animal Parasitic Diseases 
Laboratory, Building 1001, Beltsville, Maryland 20705-2350. e-mail: jitender. dubey@ars.usda.gov 
ABSTRACT: Toxoplasma gondii and Neospora caninum are structurally similar parasites, with many hosts in common. The 
prevalence of antibodies to T. gondii and N. caninum was determined in sera from dogs from Durango City, Mexico. Using a 
modified agglutination test, antibodies to T. gondii were found in 52 (51.5%) of the 101 dogs with titers of 1:25 in 27, 1:50 in 
11,1:100 in 5,1:200 in 4,1:400 in 2,1:800 in 2, and 1:3,200 or higher in 1. Antibodies to N. caninum were determined by the 
indirect immunofluorescent antibody test (IFAT) and the Neospora sp. agglutination test (NAT). Two of the 101 dogs had N. 
caninum antibodies; these dogs did not have T. gondii antibodies, supporting the specificity of the tests used. The N. caninum 
antibody titers of the 2 dogs were: I :400 by IFAT and 1 :200 by NAT in I, and I :25 by NAT and IFAT in the other. Results 
indicate that these 2 structurally similar protozoans are antigenically different. 
Toxoplasma gondii and Neospora caninum are related coc-
cidians that can cause fatal infections in dogs (Dubey, Carpenter 
et aI., 1988). Toxoplasmosis in dogs is of historical importance 
because clinical toxoplasmosis was first diagnosed in a dog by 
Mello (1910), soon after the discovery of T. gondii in a rodent 
(Nicolle and Manceaux, 1909). Since then, there have been nu-
merous reports of clinical toxoplasmosis worldwide and these 
have been summarized by Dubey (1985) and Dubey and Beattie 
(1988). After the discovery of N. caninum as a cause of paral-
ysis in dogs, several reports thought to be toxoplasmosis are 
now considered neosporosis (Dubey et aI., 1989; Dubey and 
Lindsay, 1996). 
Little is known of T. gondii and N. caninum infections in 
Mexican dogs. In the present report, we determined the prev-
alence of T. gondii and N. caninum infections in dogs from 
Durango City, Mexico and attempted to identify general char-
acteristics of dogs associated with these infections. 
MATERIALS AND METHODS 
Dogs 
All 101 unwanted dogs enrolled from August to November 2006 in 
the animal shelter in Durango City, Mexico were studied. The animal 
shelter attends stray dogs captured by the municipality from the streets 
of Durango City and unwanted pets given by the owners for adoption. 
General data, including age, breed, gender, health status, origin (stray 
or household), type of food eaten, and residence place for dogs were 
obtained (Table I). 
Serological examination 
The sera were transported by courier from Mexico to Beltsville, 
Maryland, where serology was performed. Two-fold serial dilutions 
were made (I :25 to l :3,200) and tested f6{ T. gondii antibodies with a 
modified agglutination test (MAT), as described previously (Dubey and 
Desmonts, 1987). Whole formalin-fixed tachyzoites and mercaptoetha-
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nol were used as antigen and a titer of 1 :25 or higher was considered 
indicative of T. gondii exposure. 
Antibodies to N. caninum in canine sera were detected using the 
indirect fluorescent antibody test (IFAT) as described (Dubey, Hattel et 
aI., 1988) and the direct N. caninum agglutination test (NAT) as de-
scribed (Romand et aI., 1998). 
Statistical evaluation 
Results were analyzed with the aid of the software Epi Info 6. For 
comparison of the frequencies among the groups, the Mantel-Haenszel 
test, and when indicated the Fisher exact test, were used. The associa-
tion of the animal characteristics and the T. gondii infection was as-
sessed by calculating the odd ratio with a 95% confidence interval. For 
age comparison among groups of dogs the Student's t-test was used. A 
P-value of less than 0.05 was considered significant. 
RESULTS 
Antibodies to T. gondii were found in 52 (5l.5%) of the 101 
dogs with titers of 1 :25 in 27, 1:50 in 11, 1: 100 in 5, 1 :200 in 
4, 1 :400 in 2, 1:800 in 2, and 1 :3,200 or higher in l. 
General characteristics of the 101 dogs studied are shown in 
Table I. The number of male and female dogs was comparable; 
however, male dogs had a higher frequency of anti-To gondii 
antibodies than females (59.6% vS. 40.1 %; P = 0.06). Age in 
dogs was between 3 mo and 12 yr (mean 2.5 yr). The frequency 
of infection was comparable among dogs younger than 1 yr, 
dogs between 1 and 2 yr (P = 0.37), and dogs older than 2 yr 
(P = 0.39). All dogs resided in urban areas. Most dogs were 
healthy, and the frequency of infection between healthy dogs 
and sick dogs was similar (P = 0.59). In addition, the number 
of stray and household dogs was comparable, and the frequency 
of Infection among these groups was similar (P = 0.94). Sim-
ilarly, the prevalence of infection in household male dogs was 
comparable with that observed in household female dogs 
(58.3% and 42.9%, respectively; P = 0.30). Most dogs were 
cross-breeds and the prevalence of infection in this group of 
dogs was similar to that found in purebred dogs (P = 0.5). The 
prevalence of infection in dogs that obtained their food from 
garbage was comparable with that observed in dogs that ate 
commercially available (P = 0.79) or homemade food (P = 
0.68). 
DISCUSSION 
In the present study, most dogs seropositive for T. gondii (27 
of 51) had only a low MAT titer of 1:25. The MAT is consid-
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TABLE 1. General characteristics of the dogs and prevalence of anti-To 
gondii antibodies. 
Dogs studied Dogs seropositive 
Characteristics No. % No. % 
Gender 
Male 57 56.4 34 59.6 
Female 44 43.6 18 40.1 
Age groups (yr) 
<1 16 15.8 7 43.8 
1-2 55 54.5 31 56.4 
>2 30 29.7 14 46.7 
Residence area 
Urban 101 100 52 51.5 
Health status 
Healthy 91 90.1 47 51.6 
III 10 9.9 5 50 
Origin 
Stray 56 55.4 29 51.8 
Household 45 44.6 23 51.1 
Breed 
Pure breed 7 6.9 4 57.1 
Cross-bred 94 93.1 48 51.1 
Food 
Commercial 62 61.4 33 53.2 
Homemade 66 65.3 36 54.5 
Garbage 57 37.6 29 50.8 
ered specific for T. gondii at a serum dilution of 1:25 or higher 
on the basis of experimental studies in animals and a validation 
study in naturally infected pigs (Dubey et al., 1995; Dubey, 
1997). Although there is no validation of MAT in naturally 
infected dogs, recently viable T. gondii has been isolated from 
dogs with a MAT titer of 1:40 or higher (Dubey, Cortes-Vecino 
et al., 2007; Dubey, Gennari et aI., 2007; Dubey, Huong et al., 
2007; Dubey, Rajapakse et aI., 2007). Dogs fed T. gondii tissue 
cysts or oocysts developed MAT antibodies 6 days postinocu-' 
lation (PI) and titers were declining by 28 days PI when the 
experiment was terminated; T. gondii was recovered from tis-
sues of the inoculated dogs (Dubey, 1985). Thus, all the evi-
dence suggests that MAT is specific in dogs. 
In the present study, 2 of the dogs (nos. 67 and 70) had N. 
caninum antibodies. Dog 67 had an IFAT titer of 1 :400 and a 
NAT titer of 1 :200; this animal was a cross-bred, 3-yr-old fe-
male, healthy, stray, urban, and ate garbage from the street. Dog 
no. 70 had a titer of 1:25 both by the IFAT and NAT and this 
animal was a cross-bred, 6-yr-old male, healthy, household, ur-
ban, and ate homemade food and commercial food for dogs. 
Both dogs seropositive for N. caninum were negative for T. 
gondii antibodies at a serum dilution of 1 :25. These observa-
tions support the specificity of the T. gondii and N. caninum 
serology. 
Neospora caninum infections in dogs are important clinically 
and epidemiologically. Neospora caninum can cause severe dis-
ease in dogs, particularly in neonates, and is considered a pri-
mary pathogen. Toxoplasma gondii, on the other hand, is not 
considered a primary pathogen in dogs and most fatal infections 
reported are in those immunosuppressed, particularly coinfected 
with canine distemper virus (Campbell et al., 1955; Capen and 
Cole, 1966; Dubey, 1985; Dubey et aI., 1989, 2003). To our 
knowledge, there is no confirmed report of congenital toxo-
plasmosis in dogs. We are aware of only I report of clinical 
canine toxoplasmosis or neosporosis in Mexico. De Aluja 
(1971) found T. gondii-like organisms in a dog that had gen-
eralized infection; whether this case was toxoplasmosis or neos-
porosis is uncertain now because the material has not been test-
ed retrospectively for N. caninum infection. Roch and Varela 
(1966) found dye-test T. gondii antibodies in 38.3% of 60 dogs 
from Mexico; no other details were given. 
The domestic dog is a definitive host for N. caninum and the 
oocysts shed in canine feces are considered essential in the 
epidemiology of this parasite (McAllister et al., 1998; Dubey, 
Schares, and Ortega, 2007). Neospora caninum is one of most 
important cause of abortion in cattle worldwide and dogs are 
an important risk factor for N. caninum infection in cattle. 
Therefore, there have been many surveys for N. caninum in-
fections in dogs worldwide and these were recently summarized 
(Dubey, Schares, and Ortega, 2007). 
Sanchez et al. (2003) compared N. caninum seroprevalence 
in city dogs versus farm dogs from a dairy region of Tizayuca, 
Hidalgo, Mexico. Antibodies to N. caninum found in more farm 
dogs (51 % of 27) than found in the city (20% of 30) using an 
ELISA. These N. caninum seroprevalences in dogs from Hi-
dalgo were higher than the 2% seroprevalence in animals from 
the Durango city in the present study. How dogs become in-
fected with N. caninum is unknown (Dubey, Schares, and Or-
tega, 2007). Whether dogs can become infected by ingesting 
sporulated N. caninum oocysts has not been demonstrated and 
the parasite has not been isolated from the small mammals or 
birds that dogs may hunt for food. Unlike cattle, N. caninum is 
not likely to be sustained in nature by transplacental transmis-
sion in dogs (Barber and Trees, 1998; Dubey, Schares, and Or-
tega, 2007). The high (51 %) T. gondii seroprevalence versus 
low (2%) N. caninl1m seroprevalence in dogs in the present 
study support the hypothesis that these 2 structurally similar 
organisms are biologically and antigenically distinct. Virtually 
all warm-blooded animals are hosts for T. gondii, whereas cattle 
and deer are thought to be the most important intermediate 
hosts for N. caninum (Duby, Schares, and Ortega, 2007). It is 
likely that city dogs in the present study did not have access to 
beef or venison infected with N. caninum. 
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T-HELPER-1 AND T-HELPER-2 IMMUNE RESPONSES IN MICE INFECTED WITH THE 
INTESTINAL FLUKE NEODIPLOSTOMUM SEOULENSE: THEIR POSSIBLE ROLES IN 
WORM EXPULSION AND HOST FATALITY 
Eun-Hee Shin, Sang-Hyup Lee, Jae-Lip Kim, Yun-Kyu Park*, and Jong-Yil Chait 
Department of Parasitology and Tropical Medicine, Seoul National University College of Medicine, and Institute of Endemic Diseases, Seoul 
National University Medical Research Center, Seoul 110-799, South Korea. e-mail: cjy@snu.ac.kr 
ABSTRACT: Neodiplostomum seoulense is highly pathogenic and lethal to experimental mice; most worms are expelled within 2 
mo of acquisition, In this study, T-helper (Th) cell immune responses were studied in N. seoulense-infected BALBlc mice. Spleen 
and mesenteric lymph node (MLN) cells of infected mice proliferated in response to parasite antigens; CD4+ T cells proliferated 
more than CD8+ T cells, Antigen-induced interferon (IFN)--y (a Thl cytokine) secretion began to increase at day 7 postinfection 
(PI) in spleen and MLN cells, and this was maintained at day 28 PI, whereas interleukin (IL)-4 (a Th2 cytokine) secretion was 
somewhat lower. Similar results were observed for mRNA signals of IFN--y and IL-4, Antigen-specific serum total immunoglob-
ulin (Ig)G, IgGI, IgM, and IgA levels (Th2-induced) were elevated from days 7 to 14 to day 28 PI, and IgG2a (Thl-induced) 
was elevated at days 21 to 28 PI. Interestingly, the numbers of macrophages (Thl- or Th2-induced), which were found to kill 
N. seoulense worms in vitro, increased remarkably during days 14-28 PI in spleens and small intestines of infected mice, This 
study shows that mixed Thl and Th2 responses occur during the course of N. seoulense infection in BALBlc mice, Heavy 
infiltrations of macrophages in the small intestine may participate in host damage and worm expUlsion, 
Neodiplostomum seoulense (Digenea: Neodiplostomidae) 
(formerly Fibricola seoulensis; Seo et aI., 1964) is an intestinal 
trematode of humans and rodents in the Republic of Korea 
(Seo, 1990), The first human infection was discovered in a man 
who complained of severe gastrointestinal troubles, fever, and 
eosinophilia after consuming the viscera of undercooked snakes 
(Seo et aI., 1982), Twenty-five additional human cases have 
since been reported (Hong et aI., 1984, 1986), The first inter-
mediate host of N, seoulense is the freshwater snail Hippeutis 
cantori, and the second hosts are tadpoles and adults of Rana 
nigromaculata, whereas the grass snake Rhabdophis tigrina is 
a paratenic host (Seo, 1990), 
In experimental mice and rats, the main site of infection of 
N. seoulense is the duodenum, but parasite locations extend to 
the jejunum and ileum when the parasite is in high numbers 
(Hong et aI., 1983), Neodiplostomum seoulense has been shown 
to be highly pathogenic and lethal to mice within 1 mo of in-
fection (Kook et aI., 1998; Chai et aI., 2000); severe degener-
ative changes of villi, hyperplasia of crypts, mastocytosis, and 
goblet cell hyperplasia have been observed in the small intes-
tines (Lee et aI., 1985; Chai et aI., 1998), It is of note that m"ost 
worms are spontaneously expelled from mice within 2 mo 
(Hong et aI., 1988), For example, in BALB/C mice, when 200 
metacercariae were orally fed to mice, the worm recovery rate 
(avg,) was 71.3% at day 3, 66.4% at day 7, 64,8% at day 14, 
61.7% at day 21, and 58,3% at day 28 postinfection (PI) (Chai 
et aI., 1998), However, intestinal mast9~ytosis and goblet cell 
hyperplasia were shown to play only minor roles in worm ex-
pulsion from mice (Chai et aI., 1998), Thus, the immune mech-
anisms and immune effecter cells related to worm expulsion 
and host damage remain to be elucidated. 
In T-helper (Th) cell immunity, it is known that Thl, Th2, 
or both responses are induced against infectious agents, includ-
ing parasites (Romagnani, 1997; Bancroft and Grencis, 1998; 
Gause et aI., 2003; Ralao et aI., 2007), In helminth parasites, 
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the relative importance of these immunity types is dependent 
on helminth species (Gause et aI., 2003), For example, in in-
fections involving intestinal nematodes, Th2 responses are gen-
erally related to host protection and worm expulsion via the 
secretions of interleukin (IL)-4, IL-5, IL-9, IL-lO, and IL-13, 
which activate eosinophils and mast cells, and elevate serum 
levels of IgE and IgGl (Finkelman et aI., 1990; Gause et aI., 
2003; Little et aI., 2005). In contrast, Thl cells secrete large 
amounts of interferon (IFN)-,)" and they are associated with the 
production of proinflammatory cytokines, which antagonize 
Th2 responses (Gause et aI., 2003; Maizels and Yazdanbakhsh, 
2003). Balanced Thl and Th2 responses are required for the 
healthy resolution of infection, and an imbalanced response is 
likely to result in host damage (Maizels and Yazdanbakhsh, 
2003). With regard to intestinal trematode infections, little is 
known about host Thl and Th2 responses, with the exception 
of Echinostoma caproni infection in mice, in which immune 
responses have been reported to be biased toward a Thl phe-
notype, which leads to an establishment of chronic infection 
(Brunet et aI., 2000), 
In N. seoulense infection, host Thl and Th2 type immune 
responses have not been studied, and immunological mecha-
nisms related to host defense and fatality remain to be eluci-
dated, Thus, the present study was undertaken to identify the 
characteristics of immune responses, in particular, Th 1 and Th2 
responses, during the course of N, seoulense infection, with 
reference to their possible roles in worm expUlsion and host 
fatality, 
MATERIALS AND METHODS 
Animals, collection of metacercariae, and animal infection 
BALBlc mice raised under specific pathogen-free (SPF) conditions 
were purchased from the Korean Animal Center (Jinju, Republic of 
Korea), Mice were 7-wk-old at the beginning of the experiment, and 
they were maintained at an SPF animal facility at Seoul National Uni-
versity College of Medicine, Animal experiments were carried out in 
accordance with the guidelines issued by our Institutional Animal Care 
and User Committee, 
Snakes, R. tigrina, naturally infected with the metacercariae of N. 
seoulense, were purchased from Hongchon (Gangwon-do, Republic of 
Korea), an enzootic area of this fluke, and they were maintained at 4 C 
until required. Metacercariae were isolated using an artificial gastric 
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juice containing 0.5% pepsin (1: 10,000; Sigma-Aldrich, St. Louis, Mis-
souri) and 0.8% HCl, as described previously (Chai et al., 2000). Mice 
were infected orally with 100 metacercariae in 0.2 ml of saline using a 
gavage needle. The experimental group consisted of 25-30 mice; 5-6 
mice were killed and examined for immune responses every 7 days. 
Parasite antigen 
Metacercariae for preparation of antigen were isolated from snakes 
using the above-mentioned digestion technique. For adult worm antigen, 
50 rats were infected with N. seoulense metacercariae and killed with 
an overdose of ether at day 14 PI. Adult worms were recovered from 
small intestines, and they were washed thoroughly with saline. Excre-
tory-secretory antigen (ESA) mixture was prepared as follows. Worms 
were sterilized by incubation in phosphate-buffered saline (PBS) con-
taining antibiotics (Invitrogen, Carlsbad, California) for 30 min at 37 
C, and then they were incubated in the same medium at 37 C for 24 
hr. This mix was then centrifuged at 11,000 g, and the supernatant 
obtained was stored at -80 C until required. Soluble antigen (SA) mix-
ture was prepared by homogenizing adult worms and metacercariae in 
PBS using a glass-Teflon homogenizer. After centrifugation at 10,000 
rpm, supernatants were collected and stored at - 80 C until required. 
ESA and SA protein concentrations were determined according to Low-
ry et aI. (1951). 
Measurement of spleen cell proliferation 
Spleens and mesenteric lymph nodes (MLNs) were removed asepti-
cally every 7 days after N. seoulense infection, and they were kept in 
complete RPMI-1640 media (Invitrogen) containing 10% heat-inacti-
vated fetal bovine serum (FBS) (Invitrogen), 10 mM HEPES, 2 mM 
L-glutamine, 2 mM sodium bicarbonate,S X 10-5 M 2-mercaptoethanol 
(2-ME), and antibiotics (100 IV/ml penicillin G and 100 lLg/ml strep-
tomycin) (Invitrogen). After obtaining single-cell suspensions by filtra-
tion through nylon mesh to remove tissue debris, spleen erythrocytes 
were destroyed by hypotonic shock using red blood cell lysis buffer 
containing NH4CI. After washing, splenocytes and MLN cells from each 
mouse were resuspended in RPMI-1640 media (Invitrogen) supple-
mented with 10% FBS, and viable cells were counted by trypan blue 
exclusion staining. Spleen and MLN cells were then seeded in triplicate 
in flat-bottomed 96-well microtiter plates (Corning Life Sciences, Ac-
ton, Massachusetts) at 4 X 105 cells per well in 200 ILl of culture me-
dium alone or in media containing 50 ILg/ml N. seoulense SA or ESA. 
Plates were incubated for 3 days in 5% CO2 at 37 C and pulsed with 
0.5 ILCi of PHjthymidine/well (PerkinElmer Life and Analytical Sci-
ences, Boston, Massachusetts) during the last 18 hr of culture. Finally, 
cells were collected on glass fiber filters, and radioactivity in counts per 
minute (cpm) was quantified using a liquid scintillation counter 
(PerkinElmer Life and Analytical Sciences). Proliferations before.(day 
0) and after infection (7-28 days PI) were compared. 
Fluorescence-activated cell sorting (FACS) 
Single-cell suspensions of spleen (n = 5) and MLNs (n = 5) were 
prepared from normal (day 0) and infected mice (days 7, 14, 21, and 
28 PI), and total cell numbers were counted. Cells were then adjusted 
to 1 X 107 cells/ml with complete RPMI-I640 media, and 100 ILl (1 X 
106 cells) of these suspensions were stained for FACS. To avoid non-
specific binding of fluorescein-conjugated rat monoclonal antibody 
(mAb) through Fc-receptor on lymphocytes in cell suspensions, purified 
rat anti-mouse CD16/32 (Fq III/II receptor) mAb (BD Biosciences 
PharMingen, San Diego, California) was added before labeling with 
specific antibodies, i.e., anti-mouse CD4+ or CD8+. Phenotypic analyses 
of CD4+ or CD8+ T cells after Fc blocking were performed using R-
phycoerythrin-conjugated rat mAb against mouse CD4+ (L3T4) (BD 
Biosciences PharMingen) or fluorescein isothiocyanate-conjugated rat 
mAb against mouse CD8a+ (Ly-2) (BD Biosciences PharMingen). La-
beled cells were preserved by adding 2% paraformaldehyde until re-
quired for FACS analysis. Auorescence was quantified using an EPICS 
V electronic cell sorter (Beckman Coulter, Inc., Fullerton, California). 
Gates were set to exclude nonviable cells and adjusted to detect spe-
cifically stained cells. Data are expressed as numbers of total spleen 
and MLN cells, or as total numbers of spleen-CD4+, spleen-CD8+, 
MLN-CD4+, or MLN-CD4+ cells (Fig. 2). 
IFN-y and IL-4 levels produced in vitro by spleen and MLN cells 
IL-4 and IFN-y in the culture supernatants of splenocytes or MLN 
cells were quantified using commercial enzyme-linked immunosorbent 
assay (ELISA) test kits (R&D Systems, Minneapolis, Minnesota) ac-
cording to the manufacturer's instructions. Briefly, spleen and MLN 
cells were cultured in 96-well flat-bottomed plates (Acton Life Scienc-
es) at 4 X 105 cells per 200 ILl, and then they were cultured with or 
without 50 ILg/ml N. seoulense antigen (SA or ESA). Culture superna-
tants were harvested at 72 hr and assayed for IL-4 and IFN--y. For all 
cytokine analyses, supernatants were pooled from at least 5 culture 
wells of antigen-stimulated cells and assayed in triplicate. Cytokine con-
centrations were determined using standard reference curves prepared 
using known amounts of mouse recombinant IL-4 or IFN--y, according 
to the manufacturer's instructions. 
Real-time polymerase chain reaction (PCR) for detection of 
cytokine mRNA signals 
Total RNA was extracted from spleen, MLN, and small intestinal 
cells harvested on days 0, 7, 14, 21, and 28 PI using TRIzol reagent 
(Invitrogen) according to the manufacturer's instructions. For RNA iso-
lation, the single-step acid guanidinium thiocyanate phenol-chloroform 
method (Chomczynski and Sacchi, 1987) was applied. In particular, 
small intestines were cleaned in Hanks' balanced salt solution (HBSS) 
to remove fecal material and mucus, and they were stored in the RNA 
Later solution (Ambion, Austin, Texas) to stabilize the RNA before 
extraction. RNA was converted to cDNA using the SuperScript First-
Strand synthesis system for reverse transcription-polymerase chain re-
action (RT-PCR) (Invitrogen). 
Real-time quantitative RT-PCR was performed using the ABI PRISM 
7700 Sequence Detection system (Applied Biosystems, Foster City, Cal-
ifornia) and SYBR Green PCR master mix (Applied Biosystems), as 
described by the manufacturer. The 3 cytokine genes (lFN--y, IL-12, and 
IL-4) in the cDNA samples were amplified by introducing the following 
forward and reverse primers, which were designed using Primer Express 
1.5 software (Applied Biosystems): IFN--y: 5'-TCT CTT CTT GGA 
TAT CTG GAG GAA CT, 5'-CTT CAA AGA GTC TGA GGT AGA 
AAG AGA TAA T; IL-12: 5'-ATG AGA ACT ACA GCA CCA GCT 
TCT T, 5'-CTT CAA AGG CTT CAT CTG CAA GT; IL-4: 5'-GAC 
GCC ATG CAC GGA GAT, 5'-GCC CTA CAG ACG AGC TCA CTC 
T; and ~-actin: 5'-ACG GCC AGG TCA TCA CTA TTG, 5'-AGT TTC 
ATG GAT GCC ACA GGA T. Mouse ~-actin was used as an internal 
standard. The PCR conditions used were denaturation at 95 C for 10 
min, followed by 45 amplification cycles of denaturation at 95 C for 
15 sec and annealing/extension at 60 C for 1 min. To confirm amplifi-
cation specificity, PCR products were monitored by fluorescence emis-
sion. The expression levels of target genes were normalized versus ~­
actin. 
Measurements of antigen-specific immunoglobulin and 
immunoglobulin subclasses 
Serum levels of antigen-specific IgG (total), IgGl, IgG2a, IgG3, IgA, 
IgM, and IgE were measured by ELISA as described previously (Ya-
mada et aI., 1991). An optimum dilution of N. seoulense-infected mice 
sera and an optimum concentration of horseradish peroxidase (HRP)-
conjugated secondary antibodies were determined by testing each re-
agent at several dilutions. The wells of a 96-well polystyrene culture 
plate (Corning Life Sciences) were coated with 20 lLg/ml SA mixture 
of adult worms (100 ILl/well) diluted with 0.1 M carbonate buffer (pH 
9.5) at 4 C overnight. Washing was carried out 3 times at 3-min inter-
vals using 0.05% Tween 20-PBS. After washing, each well was blocked 
for 1 hr at room temperature with a blocking buffer containing FBS 
(2% FBS-PBS) (Invitrogen). Test sera (diluted to 1:100 for IgG and 
IgA, 1 :200 for IgM, and 1:4 for IgE) were applied, and the plate was 
incubated for 1 hr at room temperature. It was then washed and incu-
bated with each HRP-conjugated goat anti-mouse IgG (total), IgGl, 
IgG2a, and IgG3 (diluted to 1:1,000) (Caltag Laboratories, Burlingame, 
California), IgA (1:1,500) (Caltag Laboratories), IgM (1:2,000) (Cappel 
Laboratories, Aurora, Ohio), or IgE (1:1,000) (Biogenesis Inc., King-
ston, New Hampshire) for 1 hr at room temperature. After washing, 
color was developed by adding a mixture of 0.04% o-phenylenediamine 
and 0.003% H20 2 in phosphate-citrate buffer (pH 5.0) and incubated 
for 30 min. The reaction was stopped by adding 20 ILl of 4 N sulfuric 
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acid. Absorbances were measured at 492 nm using a microplate reader 
(E-MAX; Molecular Devices, Sunnyvale, California), and the specific 
absorbance values of test samples were determined after subtracting the 
absorbance of serum-free wells. 
Immunohistochemistry 
Macrophages that gathered in mucosal layers (villi and crypts) of the 
small intestine after N. seoulense infection were assayed using rat mAb 
to mouse macrophage-specific antigen F4/80 (Caltag Laboratories) and 
a Histostain-Plus immunostaining kit (Zymed Laboratories, South San 
Francisco, California). Briefly, paraffin-embedded samples of the small 
intestines of uninfected controls, and of N. seoulense-infected 
BALB/c mice at days 7, 14,21, or 28 PI, were deparaffinized, and then 
endogenous peroxidase activities were quenched with 0.1% of 30% hy-
drogen peroxide in methanol for 10 min and finally washed with PBS 
3 times for S min each. Nonspecific binding sites were blocked with a 
serum blocking solution (10% nonimmune goat sera) for 10 min. Rat 
anti-F4/80 IgG mAb (Cal tag Laboratories) was applied to the slides at 
1: 100, which were then incubated at room temperature for 60 min in a 
moist chamber. Slides were then thoroughly washed with PBS and in-
cubated with biotiny lated secondary antibodies and finally streptavidin 
conjugate bound to peroxidase (Zymed Laboratories) for 10 min at 
room temperature. The slides were then washed with PBS, and the 
enzyme reaction was initiated by adding a mixture of substrate-chro-
mogen solution (AEC kit; Zymed Laboratories). They were then ob-
served under a light microscope. When the reaction was deemed com-
plete, it was stopped by washing the slides with tap water. Counter-
staining was performed with hematoxylin and eosin solution. The slides 
were then covered with glycerin jelly and permanently mounted. 
Purification of rat peritoneal macrophages 
Macrophages were harvested from 8-wk-old male Sprague-Dawley 
rats. The reason for use of rats instead of mice was to harvest enough 
macrophages. Briefly, rats were injected with 4% (w/v) sterile thiogly-
colate broth 4 days before macrophage harvesting (Gazzinelli et aI., 
1996). Animals were killed under ethyl ether anesthesia, and their peri-
toneal cavities were washed with 10 D/ml heparinized HBSS. The cells 
obtained were washed with HBSS containing 2% FBS and resuspended 
in RPMI-1640 medium containing 10% FBS to adjust cell numbers to 
2 X 10" cells/ml. Cells were then incubated in culture dishes (10 cm in 
diameter) for 2 hr at 37 C in S% CO2 , After incubation, adherent cells 
were placed in HBSS containing 2.S mM EDTA for IS min on ice to 
detach macrophages from the plastic dishes. The macrophages obtained 
using the above-mentioned procedure were used as a macrophage-rich 
fraction, which contained >96% macrophages as assessed by May-
GrunwaldiGiemsa staining. To activate macrophages, recombinant 
mouse IFN-,,/ (Genzyme, Cambridge, Massachusetts) was added to a 
final concentration of 100 D/ml (Gazzinelli et aI., 1992). 
In vitro helminthotoxicity of macrophages and scanning electron 
microscopic observations 
In vitro experiments on the helminthotoxic activities of macrophages 
against N. seoulense were performed as described previously (Shin et 
aI., 1997), with slight modifications. Briefly, N. seoulense adults har-
vested from rat small intestines were used as targets. To each well of a 
96-well flat-bottomed microtiter plate (Faicon; BD Biosciences, San 
Jose, California), the following were added: 40 fLl of worm suspension 
(10 worms/40 fLI), 60 fLI of serum (30% of final volume), SO fLl (I X 
107 cells) of purified macrophage suspension, and SO fLI of RPMI-1640 
medium (Invitrogen) containing 10 mM HEPES, 100 D/ml of penicillin 
G potassium, 100 fLg/ml of streptomycin sulfate, SO fLM 2-ME, 10% 
heat-inactivated FBS, and 300 fLg/ml of gentamicin sulfate (Sigma-Al-
drich) to provide a final volume of 200 fLl. Based on preliminary ex-
periments to identify a maximum killing effect (dead worms were de-
fined as those that did not move over a period longer than S min at 2S-
37 C, with tegumental destruction, under an optical microscope), the 
macrophage:parasite ratio was set at S X 104 : I. Individual tests were 
performed in duplicate. Microtiter plates were incubated for 48 hr at 37 
C in a S% CO2 and 9S% air atmosphere. Sera used for in vitro culture 
were obtained from N. seoulense-infected rats at day 14 PI by heart 
puncture, and they were filter-sterilized through a O.4S-fLm disposable 
syringe filter unit (MFS Inc., Pleasanton, California). Sera were stored 
at -70 C, and pooled samples were used for in vitro culture studies. 
Sera were heat-inactivated by heating samples for 30 min at S6 C to 
abolish complement activity. As controls, parasites were incubated ei-
ther without macrophages or without infected sera (SO%). 
For scanning electron microscopic observations, worms were har-
vested from 96-well culture plates after incubation for 2 days, and then 
they were washed with 0.2 M cacodylate buffer (pH 7.3), and fixed 
with 2.S% glutaraldehyde. They were then dehydrated, dried, mounted 
on aluminum stubs, and sputter-coated with gold. Specimens were ob-
served using a scanning electron microscope (DS-130C; lSI Co., Seoul, 
Korea) at an accelerating voltage of 10 kY. 
Statistical analysis 
Each experiment was performed at least 2 times, and data are pre-
sented as the mean ± SD of a representative experiment. Statistical 
significances of differences between experiment groups were deter-
mined using the Student's t-test, and P values of <0.01 were considered 
to be statistically significant. The data for infected mice in the experi-
mental groups were compared with those from uninfected control mice. 
RESULTS 
Proliferation of spleen and MLN cells in response to 
N. seoulense antigen 
Spleen and MLN cells of BALB/C mice sensitized in vivo 
by N. seoulense infection proliferated rapidly in response to the 
SA and ESA (50 [Lg/ml) of metacercariae or adults in vitro (Fig. 
I). In general, it was found that longer periods of in vivo sen-
sitization induced stronger blastogenic responses by spleen and 
MLN cells against in vitro SA or ESA stimulation (Fig. 1). The 
blastogenic responses of spleen and MNL cells of infected mice 
were generally greater against the adult worm antigen than the 
metacercariae antigen, and they peaked between day 21 and 28 
PI (Fig. 1). 
Increases in number of spleen and MLN cells and their 
T-cell phenotypes in N. seoulense-infected mice 
The spleens of infected mice became markedly enlarged dur-
ing the course of N. seoulense infection (data not shown). The 
total average number of spleen cells per mouse, which was 1.04 
X lOR cells before infection (day 0), increased to 1.80 X 108 
cells at day 28 PI (Fig. 2). In the case of MLNs, the total 
average number of cells per mouse was 1.35 X 106 at day 0, 
which increased markedly to 4.94 X 107 at day 28 PI (Fig. 2). 
T-cell subset, i.e., CD4+ and CD8+, percentages among 
spleen and MLN cells were found to change during the course 
of infection (Fig. 2). As the total cell numbers increased in 
spleen and MLNs, minor increases in the percentages of CD4+ 
or CD8+ T cells in these organs represented substantial increas-
es in the number of each T-cell phenotype. Increases in spleen-
CD4 + T cell numbers were remarkable at days 21-28 PI, where-
as increases in MLN-CD4+ T cell numbers were observed from 
day 7 to day 28 PI (Fig. 2). In contrast, increases in CD8+ 
T-cell numbers were not comparable with those of CD4 + T cells 
either in spleen or MLNs (Fig. 2). 
IFN-'Y and IL-4 secretions by spleen and MLN cells 
Single-cell suspensions of spleen and MLN cells were pre-
pared from normal and infected BALB/c mice, and they were 
incubated for 72 hr in the presence of 50 [Lg/ml N. seoulense 
antigens (SA or ESA). Culture supernatants were harvested and 
assayed for IFN--y and IL-4 by ELISA (Fig. 3). After an in vitro 
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ml. Results are expressed as differences in cpm between stimulated and unstimulated wells. Data represent the mean ::': SD of 5 mice (*, 
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antigen pulse, surprisingly high increases in IFN--y production 
were observed in spleen (up to 800-fold) and MLN cells (up 
to 300-fold) of N. seoulense-infected mice from day 7 to 28 PI. 
However, metacercariae ESA stimulation reduced IFN--y excre-
tion at days 21 and 28 PI (Fig. 3). This result shows that all 
types of antigen, i.e., SA and ESA of metacercariae and adults, 
induced substantial IFN--y production during the entire experi-
mental period (Fig. 3). In contrast, IL-4 production was re-
markable (400-800-fold) in spleen cells at days 21-28 PI (when 
stimulated by adult SA), in MLN cells at day 7 (when sti.mu-
lated by metacercariae or adult SA), and at days 21-28 PI 
(when stimulated by adult SA) (Fig. 3). However, IL-4 produc-
tion was unremarkable in spleen and MLN cells collected on 
day 14 PI (Fig. 3). 
Cytokine mRNA signals in spleens, MLNs, and small 
intestines 
To examine cytokine mRNA signals in spleen, MLNs, and 
small intestine, the gene expressions of IFN--y and IL-12 (Thl 
cytokines) and of IL-4 and IL-lO (Th2 cytokines) were mea-
sured using real-time PCR assays in BALB/c mice. Relative 
quantities of cytokine mRNAs compared with internal l3-actin 
are shown (Fig. 4). Increased IFN--y mRNA signals were de-
tected in spleen, MLNs, and small intestine as early as day 7 
PI, and peaked during days 14-21 PI (Fig. 4). IL-12 mRNA 
signals also increased during days 14-28 PI in spleen, MLNs, 
and small intestine. At the same time, Th2 cytokine signals, 
i.e., IL-4 and IL-lO mRNA levels, increased to 80 and 260 
times, respectively, that of the control in spleen during the early 
stage (day 7-14 PI) of infection. However, in MLNs and small 
intestine, IL-4 and IL-lO signals were not significantly (P > 
0.01) increased during the whole infection period (Fig. 4). 
Antigen-specific serum immunoglobulin levels 
Serum total IgG level was found to increase significantly (P 
< 0.01) in N. seoulense-infected mice from day 14 PI, and this 
enhancement was maintained at day 28 PI (Fig. 5). The sub-
classes of IgG, namely, IgGI (Th2-induced) and IgG2a (Thl-
induced), were elevated at days 28 and 21-28 PI, respectively 
(Fig. 5). The serum levels of IgM and IgA also increased up to 
3- to 5-fold in infected mice at days 14-28 PI; however, IgE 
levels remained constant throughout the experimental period 
(Fig. 5). 
Macrophage numbers in spleens of N. seoulense-infected 
mice 
Neutrophil, macrophage, and eosinophil numbers changed in 
mouse spleens after N. seoulense infection (Table I). Macro-
phage numbers increased from day 7 PI, and they remained 
elevated at days 14, 21, and 28 PI, although the increase was 
significant (P < 0.01) versus uninfected controls on days 14 
and 21 PI only (Table I). Neutrophils and eosinophils were also 
found to increase steadily until day 28 PI, but the extent of 
these increases was markedly lower than that of macrophages. 
Infiltration of macrophages into small intestine of infected 
mice 
Immunohistochemistry of small intestines using a specific 
stain for murine macrophages (anti-mouse F4/80 mAb and AEC 
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FIGURE 2. Changes in the total numbers of cells and T-cell phenotypes in spleens and MLNs of BALB/c mice infected with N. seoulense. 
Mice were orally infected with 100 metacercariae, and 5 mice were sacrificed every 7 days. Single-cell suspensions of spleens and MLNs were 
prepared, and T-cell subsets were examined by FACS. Data represent the mean ± SD of 5 mice (*, significantly higher than uninfected control 
mice; P < 0.01). 
chromogen) revealed extensive macrophage infiltration in N. 
seoulense-infected BALB/c mice during days 14-28 PI (Fig. 
6). Macrophages, which stained orange-red, were frequently ob-
served from the epithelial layer to the lamina propria of villi, 
where N. seoulense worms attach and consume mucosal tissue, 
and they were also seen within crypts (Fig. 6). 
In vitro helminthotoxic activities of rat macrophages 
against N. seoulense 
A preliminary study showed that a 50% serum concentration 
(heat-inactivated) showed maximum macrophage helminthotox-
icity against N. seoulense adult worms (data not shown); there-
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fore, 50% infected rat sera was used in subsequent experiments. 
A 2-day culture of N. seoulense worms alone in RPMI-1640 
media did not cause any damage to worms (Fig. 7 A). However, 
when macrophages were added to the culture, tegumental sur-
faces were damaged, particularly at the posterior body (Fig. 
7B). Moreover, when infected serum was added in the presence 
of macrophages, almost complete destruction of their anterior 
body and worm death ensued (Fig. 7C). 
DISCUSSION 
Various immune components have been shown to be related 
with host protection against enteric helminth infections (Castro, 
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prepared from spleens and MLNs and stimulated in vitro with SA or ESA of metacercariae (mc) or adults. Antigens were used at 50 /Lg/ml. Data 
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TABLE 1. Chronological changes of white blood cell numbers in spleens* of N. seoulense-infected BALB/c mice. 
No. of cellst (X 105) by day PI 
Cell type 0 7 14 21 28 
Lymphocyte 86.6 :!: 5.3 83.9 :!: 6.5 73.4 :!: 7.3 73.4 :!: 5.7 74.2 :!: 12.6 
Macrophage 11.0 :!: 4.4 12.6 :!: 4.3 23.2 :!: 6.9:j: 21.8 :!: 4.6:j: 19.1 :!: 9.2 
Neutrophil 1.3 :!: 0.5 2.0 :!: 1.2 1.4 :!: 0.6 2.6 :!: 0.9 4.9 :!: 3.4 
Eosinophil 1.1 :!: 0.6 1.5 :!: 1.5 2.4 :!: 0.9 2.4 :!: 1.5 2.2 :!: 1.0 
* Spleens were removed from mice after infection with 100 metacercariae recovered from grass snakes. 
t Data represent the mean :':: SD of 5 mice. 
=I: Significantly higher than uninfected controls (P < 0.01). 
1989). These components include goblet cells and their mucins 
(Chai et aI., 1998; Moncada et aI., 2003), mast cells and his-
tamines (Kho et aI., 1990), eosinophils (Shin et aI., 1997), par-
asite-induced antibodies (Else et aI., 1994; Brunet et aI., 2000), 
and T-cell-mediated cytokines (Brunet et aI., 2000). In fact, no 
single factor seems to predominate in terms of the eradication 
of parasite burden, and it is likely that interactions between 
components of the immune system are involved (Cox and Liew, 
1992). However, the importance of Th cells, and, in particular, 
their immune regulatory function (including Th1 and Th2 re-
sponses), is being increasingly recognized (Bancroft and Gren-
cis, 1998; Else and Finkelman, 1998; Gause et aI., 2003) . 
In our study, mixed Th1 and Th2 responses were involved 
in the induction of humoral and cellular immune reactions 
against N. seoulense infection in BALB/c mice throughout the 
course of infection. Moreover, increases in serum antibody lev-
els and cytokine production by antigen-pulsed spleen and MLN 
cells were remarkable in early (between day 0 and 14 PI), later 
(between day 14 and 28 PI), or both stages of infection. Inter-
estingly, in spleens and small intestines of infected mice, num-
bers of macrophages, which are known to be activated either 
by Th1 (Gordon, 2003) or Th2 cells (Gordon, 2003; Kahnert et 
aI., 2006), were found to increase at days 14-28 PI, during 
which period the majority of worms are expelled and many host 
animals succumb (Huh et aI., 1988; Chai et aI., 2000). An in 
vitro experiment revealed that macrophages from rats can kill 
N. seoulense via antibody-dependent cellular cytotoxicity. The 
above-mentioned results show that mixed Th1 and Th2 respons-
es are induced during the course of infection until at least day 
28 PI. It is also suggested that mixed Th 1 and Th2 responses 
synergistically induce heavy macrophage infiltration into spleen 
and small intestine in infected mice, which may facilitate worm 
expulsion and host damage. 
In BALB/C mice, spleen and MLN cells proliferated mark-
edly in response to N. seoulense infection, or when stimulated 
in vitro by metacercariae and adult antigens. The adult antigen, 
in particular its ESA, was generally more potent in eliciting 
spleen and MLN cell proliferation than the metacercarial anti-
gen through 28 days of infection. In addition, the number and 
percentages of CD4+ and CD8 + T cells in spleen and MLNs 
increased during the course of infection, These cells seem to 
drain from the spleen, via MLNs, to infection sites. The CD4+ 
T cells that regulate immune responses are composed of Th 1 
and Th2 type T cells, which are defined by the sets of cytokines 
they secrete. Th1 cells are associated predominantly with 
IFN-"{ and IL-12 secretion (Raue et aI., 2004), whereas Th2 
FIGURE 6. Immunohistochemistry of macrophages that accumulated in the small intestinal mucosa of BALB/c mice infected with N. seoulense. 
Macrophages were detected by staining with anti-mouse F4/80 mAb and AEC chromogen. (A) Un infected control group, showing a minimal 
number of macrophages in the villous epithelial layer (X20). (B) Day 14 PI, showing a small number of macrophages in crypts (X20). (C) Day 
21 PI, showing a higher number of macrophages in the villous epithelial layer (X 20). (D) Day 28 PI, showing marked macrophage infiltrations 
into the villous epithelial layer and crypts (X20). 
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FIGURE 7. Scanning electron microscopic views of N. seoulense adult worms (A-C) damaged by rat peritoneal macrophages after culture in 
RPMI-1640 media for 2 days in the absence (B) or presence of 50% infected rat antiserum (C). Whereas worms cultured in the absence of 
macrophages retained a smooth tegumental surface, those cultured in the presence of macrophages with or without antiserum were either damaged 
slightly (B) or extensively (C), respectively. Bar = 0.1 mm. 
cells secrete IL-4, IL-5, IL-9, IL-lO, and IL-13 (Groux and 
Powrie, 1999; Brunet et aI., 2000; Little et aI., 2005). Impor-
tantly, these subsets are counterregulatory and generate distinct 
immune responses. 
There is good evidence that Th1 and Th2 cells play key roles 
in immune responses against helminth parasites (Else et aI., 
1994; Goyal et aI., 1994; Brunet et aI., 2000; Hoffmann et aI., 
2000; Chiaramonte et aI., 2003; Williams et aI., 2005). It has 
been reported in murine models that clearly defined Th1 and 
Th2 cell subsets express different cytokine profiles and thus 
influence different host immune response components to hel-
minth infections (Gause et aI., 2003). It is generally understood 
that strong Th 1 type immune responses are related to protection 
against protozoan infections, whereas the preferential activation 
of Th2 cells is mainly observed in helminth infections (Else et 
aI., 1994; Romagnani, 1997; Gause et aI. , 2003). However, the 
selective activations of Th1 and Th2 cell subsets in parasitic 
infections can be reciprocally induced by various factors, i.e., 
acute or chronic infection, infection routes, host genetic char-
acteristics, parasite species, and infection stage (Brunet et aI., 
2000; O'Neill et aI., 2000). 
With respect to cytokine secretion in our study, Th1 respons-
es were generally stronger than Th2 responses. For example, 
increases of IFN-jI production were more remarkable than those 
of IL-4, particularly in the spleen, from day 7 to day 28 PI. In 
addition, the Th1 cytokine mRNA signals of IFN-jI and IL-12 
were found to be elevated during days 14-28 PI in the spleen, 
MLNs, and small intestine. In contrast, the Th2 cytokine mRNA 
signals of IL-4 and IL-lO were elevated only at day 7 PI, par-
ticularly in the spleen, but they then rapidly decreased to normal 
levels. However, based on serum immunoglobulin levels, Th2 
responses were also strong. For example, total IgG, IgM, and 
IgA (Th2 antibodies) were elevated from day 14 PI, and these 
levels were maintained at day 28 PI, although IgG 1 (Th2 an-
tibody) was elevated only on day 28 PI. However, IgG2a (Th1 
antibody) was elevated during 21-28 days PI. Unexpectedly, 
IgE response, which is characteristically induced during hel-
minth infections (Else and Finkelman, 1998), was not observed 
at any time during the experiment. 
Intestinal nematodes, such as Nippostrongylus brasiliensis 
and Heligmosomoides polygyrus, can trigger strong, highly po-
larized Th2 responses involving elevated IL-4 and IL-13 levels 
that mediate host-protective effects (Shin et aI., 1997; Gause et 
aI., 2003). However, in the present study, it seems that intestinal 
trematodes, such as N. seoulense, can trigger mixed Thl and 
Th2 responses, although cytokine production was stronger with 
expression of high IFN-jI and IL-12 levels. This is somewhat 
similar to observations for another species of intestinal trema-
tode, Echinostoma caproni (Brunet et aI. , 2000), which triggers 
a polarization of Thl responses by elevating the expression of 
IFN-jI and IL-12. High IgG2a titers in sera were also found for 
N. seoulense (this study) and E. caproni-infected mice (Brunet 
et aI., 2000). However, it is notable that N. seoulense infection 
is also associated with host mortality (Huh et aI., 1988; Chai et 
aI., 2000), whereas E. caproni infection is not (Brunet et aI., 
2000; Toledo et aI., 2006). In E. caproni infection, Th1 re-
sponse was associated with chronic infection (Brunet et aI., 
2000), but in N. seoulense infection mixed Thl and Th2 re-
sponses may play significant roles in immunopathogenesis that 
leads to host damage, and worm expulsion. 
It is of particular interest that macrophages may be an im-
portant effecter cell, rather than mucosal mast cells, goblet cells, 
or eosinophils during N. seoulense infection in mice. It has been 
previously reported that mucosal mast cells and goblet cells 
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play only minor roles in N. seoulense expulsion from mice 
(Chai et aI., 1998). In the present study, a significant increase 
in the number of splenic macrophages was noted from day 14 
to day 28 PI. In addition, heavy infiltrations of macrophages 
were observed in the small intestinal mucosa from day 14 to 
day 28 PI. Moreover, macrophages harvested from rat perito-
neal cavities were found to kill N. seoulense worms in vitro, in 
an antibody-dependent cell-mediated cytotoxicity manner. Mac-
rophages are known to be activated not only by Thl cytokines, 
such as IFN-')' and IL-12 in a classical way, but also by Th2 
cytokines, such as IL-4 and IL-13 via an alternative pathway 
(Gordon, 2003; Kahnert et aI., 2006). Therefore, the macro-
phage activation observed in the present study may have been 
induced by mixed Thl and Th2 responses, and these responses 
might have synergistically induced N. seoulense expulsion. The 
importance of macrophages in host-protective immune response 
has been suggested previously for tissue-invading helminth par-
asites, i.e., Schistosoma mansoni (Vignali et aI., 1990; Fallon, 
2000) and Fasciola hepatica (Piedrafita et aI., 2001), based on 
in vitro studies. However, no reports are available on the im-
portance of macrophages with respect to intestinal helminth in-
fections, with the exception of an in vitro study on the intestinal 
nematode Ascaris suum (Andrade et aI., 2005). 
The present study is the first to highlight the importance of 
macrophages as an effecter cell for host mucosal immune re-
actions against intestinal trematodes, and it also emphasizes the 
importance of mixed Thl and Th2 responses, which may fa-
cilitate macrophage activation. The effecter mechanisms and 
precise role of macrophages in the intestinal mucosa of N. seou-
lense-infected mice warrant further investigation. 
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VACCINATION WITH MICRONEME PROTEIN NCMIC4 INCREASES MORTALITY IN MICE 
INOCULATED WITH NEOSPORA CANINUM 
Sangeetha Srinivasan, Joachim Mueller, Angela Suana, and Andrew Hemphill* 
Institute of Parasitology. Vetsuisse Faculty, University of Berne, Laenggass-Strasse 122, 3012 Berne, Switzerland. 
e-mail: hemphill@ipa.unibe.ch 
ABSTRACT: NcMIC4 is a Neospora caninum microneme protein that has been isolated and purified on the basis of its unique lactose-
binding properties. We have shown that this protein binds to galactosyl residues of lactose; antibodies directed against NcMIC4 inhibit 
host cell interactions in vitro, thus making it a vaccine candidate. Because of this feature, NcMIC4 was first purified on a larger scale 
in its native, functionally active form using lactose~agarose affinity chromatography. Second, NcMIC4 was expressed in Escherichia 
coli as a histidine-tagged recombinant protein (recNcMIC4) and purified through Ni-affinity chromatography. Third, NcMIC4 cDNA 
was cloned into the mammalian pcDNA3.1 DNA vector and expression was confirmed upon transfection of Vero cells in vitro. For 
vaccination studies, we employed the murine cerebral infection model based on C57Bl/6 mice, employing experimental groups of 10 
mice each. Two groups were injected intraperitoneally with purified native NcMIC4 and recNcMIC4, respectively, employing RIBl 
adjuvant. The third group was vaccinated intramuscularly with pcDNA-NcMIC4. Control groups included an infection control, an 
adjuvant control, and a pcDNA3.1 control group. Following 3 injections at 4-wk intervals, mice were challenged by i.p. inoculation of 
2 X 10" N. caninum tachyzoites (Nc-l isolate). During the course of parasite challenge (3 wk), mice from the 3 different test groups 
showed varying degrees of symptoms bearing a semblance to neosporosis, i.e., walking disorder, rounded back, apathy, and paralysis 
of the hind limbs. Control groups showed no symptoms at all. Most notably, vaccination with pcDNA-MIC4 proved antiprotective, 
with 60% of mice succumbing to infection within 3 wk, and all mice lacking a measurable anti-NcMIC4 IgG response. NcMIC4 in 
its native form elicited a substantial humoral IgG I immune response and a reduction in cerebral parasite load compared to the controls, 
but 20% of mice succumbed to infection. Vaccination with recNcMIC4 also resulted in 20% of mice dying; however, in this group, 
cerebral parasite load was similar to the controls, and recNcMIC4 vaccination elicited a mixed IgG l/lgG2 response. In conclusion, 
vaccines based on NcMIC4, especially pcDNA-NcMIC4, render mice more susceptible to cerebral disease upon challenge with N. 
caninum tachyzoites. 
Neospora caninum is an apicomplexan parasite, has a world-
wide distribution (Dubey and Lindsay, 1996; Dubey, 2003), and 
is the causative agent of bovine abortion and of neuromuscular 
disorders in a variety of animals including cattle, dogs, deer, 
sheep, and goats, thereby posing a serious threat to the livestock 
and dairy industries. Economically, cattle are the most impor-
tant, and most affected, intermediate hosts. They can acquire 
N. caninum infection either through ingestion of oocysts that 
are shed in the feces of acutely infected dogs (McAllister et aI., 
1998) or by congenital infection from mother to fetus via the 
placenta, with the latter being the most frequently occurring 
mode of transmission (Pare et aI., 1996). Therefore, in the in-
fected dam, the parasite is transmitted to the offspring during 
repeated pregnancies by vertical transmission (Bjorkman et aI., 
1996; Anderson et aI., 1997) with up to 95% of the calves b.orn 
to infected dams testing positive (Davison et aI., 1999). Con-
sidering the economic and agricultural impact of neosporosis, 
there is an urgent need to develop biological control measures 
aimed at preventing its transmission and infection, as well as 
reducing severity of the disease. 
Experimental studies on mouse models for N. caninum in-
fection have employed different straiJ;ls of mice for different 
purposes, namely to study cerebral load and infection (Lindsay 
and Dubey, 1989; Eperon et aI., 1999; Nishikawa, Inoue et aI., 
2001; Nishikawa, Tragoolpua et aI., 2001), for production of 
cerebral tissue cysts (McGuire et aI., 1997), for comparing par-
asite load and cytokine profiles (Kahn et aI., 1997; Baszler et 
aI., 1999; Long and Baszler, 2000), to evaluate the infection in 
pregnant mice (Long and Baszler, 1996; Liddell et aI., 1999, 
2003; Haldorson et aI., 2005; Miller et aI., 2005), as well as for 
assessment of chemotherapeutic intervention (Gottstein et aI., 
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2001). Studies using murine models have led to a better un-
derstanding of the complex immune response that dictates N. 
caninum infection. For instance, certain mouse strains in par-
ticular appear to be more susceptible to CNS infection than 
others (Long et aI., 1998). Tests on B-cell deficient (J..LMT) mice 
revealed their increased susceptibility to N. caninum infection, 
underlying the importance of the humoral immune response in 
offering protective immunity against neosporosis in mice (Epe-
ron et aI., 1999). However, many studies have implicated that 
both humoral and cell-mediated immune responses are impor-
tant components of protective immunity against N. caninum (re-
viewed in Hemphill et aI., 2006; Innes and Vermeulen, 2006). 
A limited number of recombinant proteins have been inves-
tigated as vaccine candidates. These include mostly immuno-
dominant antigens that have been shown to be functionally in-
volved in tachzyoite-host cell interactions. The immunodomi-
nant surface antigen NcSRS2 expressed with recombinant vac-
cinia virus offered adequate protection against transplacental 
passage and was found to limit parasite dissemination (Nishi-
kawa, Xuan et aI., 2001). On the other hand, Cannas, Nagules-
war&n, Muller, Eperon et aI. (2003) reported reduced cerebral 
parasite load in mice upon a combined recombinant protein and 
DNA vaccination procedure with NcSAGl and NcSRS2 com-
pared to vaccination with recombinant proteins alone. Reduced 
vertical transmission was seen upon vaccination with NcGRA7 
as well as NcHSP33 as a DNA vaccine (Liddell et aI., 2003). 
Cho et aI. (2005) reported vaccination efficacy upon combining 
recombinant NcSRS2 and dense granule antigen NcDGl. Fur-
ther, the immune protective effect of NcGRA 7 was enhanced 
upon use of it together as a plasmid DNA with CpG adjuvant 
that improved the protective efficacy against congenital transfer 
(Jenkins et aI., 2004). 
Micronemal antigens, which are important constituents of the 
N. caninum host cell adhesion and invasion machinery, have 
also been exploited as putative vaccine candidates. Microneme 
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FIGURE 1. NcMlC4 antigens used for vaccination. (A) SDS-PAGE of lactose-affinity chromatography of N. caninum tachyzoites extract 
resulting in purified native NcMlC4 protein. M, molecular weight marker; lane I, Triton-insoluble pellet; lane 2. Triton-soluble supernatant; lane 
3, lactose-column flow-through; lanes 4 and 5. wash fractions. wash 1; lanes 6-8, elutions with alpha-methyl galactoside; lanes 9 and 10. fractions 
eluted by low pH shift. (B) Ni2+-affinity column for the purification of recombinant NcMIC4 probed with anti-NcMIC4 antibodies. M, molecular 
weight marker; lane 11 , dialyzed recNcMIC4 contained in E. coli inclusion bodies; lane 12, flow-through; lane 13, wash fraction; lanes 14-16. 
eluted fractions. 
protein NcMIC3 leads the list, for, as a bacterial recombinant 
protein, recNcMIC3 offered significant protection against ce-
rebral neosporosis in mice (Cannas, Naguleswaran, Muller, 
Gottstein, and Hemphill, 2003). In contrast, recombinant 
recNcMICl (Keller et a!., 2002) did not induce protection 
against cerebral infection, but alleviated the parasite burden 
upon experimental infection (Alaeddine et a!., 2005). 
In the present study, we have attempted to investigate the 
protective efficacy of NcMIC4, a protein that has been previ-
ously seen to participate in parasite-host cell interaction (Keller 
et a!., 2004). Interaction of this protein with host Vero cells has 
shown that it mediates parasite attachment through binding to 
host cell surface-associated chondroitinsulfate A. The protein 
can be purified using a single-step chromatography protocol by 
lactose-agarose affinity purification, yielding a native function-
ally active molecule. Furthermore, NcMIC4 has been expr~ssed 
and purified from Escherichia coli as a histidine-tagged recom-
binant protein (recNcMIC4) and the corresponding cDNA has 
been cloned into the pcDNA3.1 mammalian cell expression 
plasmid to be used as a DNA vaccine. 
MATERIALS AND METHODS 
Source of chemicals . ' 
Unless indicated otherwise, all biochemical reagents were purchased 
from Sigma Chemical Co. (St. Louis, Missouri). 
Cell culture and isolation of N. caninum tachyzoites 
Vero cells were maintained in 75-cm2 tissue culture flasks in 20 ml 
RPMI 1640 medium supplemented with 25 mM HEPES buffer, 2 mM 
L-glutamine, 50 IUlml penicillin. 50 fLg/ml streptomycin, and 10% FCS 
(Gibco BRL. Life Technologies, Zurich, Switzerland) as previously de-
scribed (Hemphill et aI., 1996). The N. caninum Nc-I isolate (Dubey 
et al.. 1988) was cultured in 75- or 175-cm2 culture flasks within Vero 
cell mono layers using the same media. Parasites were isolated and pu-
rified as described previously (Hemphill et a!., 1996). Vero cells infected 
with N. caninum were passed through a 25-G 5/8 needle, then washed 
and run on PD 10 Sephadex G-25M columns. The tachyzoites upon 
elution were counted on a Neubauer chamber; upon viability check 
using trypan blue exclusion, the parasites were used immediately for 
subsequent infection experiments. 
Purification of native NcMIC4 from N. caninum tachyzoites 
A total of 109 freshly purified N. caninum tachyzoites was incubated 
in 20 ml of phosphate-buffered saline (PBS) containing I % Triton 
X-IOO and 1 mM phenyl methyl sulfonyl fluoride for 15 min at 4 C, 
followed by centrifugation at 2,000 g for 30 min at 4 C. After centri-
fugation, supernatants were centrifuged again (12,000 g for 20 min at 
4 C) then collected and submitted to affinity chromatography on a 1-
ml lactose-agarose column previously equilibrated with ice-cold PBS 
containing 0.5 M NaCI. After extensive washing with equilibration buff-
er, the adsorbed material was eluted with 3 ml of 0.1 M lactose in 
equilibration buffer as described by Keller et a1. (2004). In additional 
experiments, columns were first eluted with 0.1 M glucose and subse-
quently with 0.1 M alpha-D-methylgalactoside. Subsequently, for large 
scale purifications, lactose was routinely replaced by 0.1 M of alpha-D-
methyl galactoside. The resulting eluate was lyophilized in a Speed-vac 
(Henry A Sarasin AG, Aeschenvorstadt, Switzerland) and the resulting 
purified native NcMIC4 protein was resuspended in PBS at a concen-
tration of 30 fLg/ml. Protein concentration was determined by the Bio-
Rad (MUnich, Germany) protein assay. The quality of NcMIC4 purifi-
cation was routinely checked by SDS-PAGE and silver staining as pre-
viously described (Keller et aI. , 2004; see Fig. 1 A). 
Generation of polyclonal rat antiserum directed against 
purified NcMIC4 
Polyclonal antibodies directed against purified native NcMIC4 were 
generated in female rats. Animals were immunized 3 times. each at 
intervals of 14 days with 100 fLl of native NcMlC4 (20 f.Lg/ml) for-
mulated in Gerbru adjuvants according to the instructions provided by 
the manufacturer (Gerbu Biotechnik GmbH. Gaiberg, Germany). Gerbru 
adjuvant is composed of cationic nanoparticles in a colloidal suspen-
sion, cell wall glycoprotein of Lactobacillus bulgaris, and cimetidine 
and saponin as immunomodulators. Sera were analyzed by immuno-
blotting and immunofluorescence (see below). 
In vitro tachyzolte-Vero cell interaction assay 
Vero cells were grown to confluency in 24 wells on coverslips pre-
viously coated with 100 fLl polylysine. The effects of anti-NcMIC4 
antisera on N. caninum tachyzoite-Vero cell interactions were assessed 
by incubating freshly purified N. caninum tachyzoites (5 X 100/ml) in 
RPMI medium containing rat anti-NcMIC4 antiserum (1:100) for 15 
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min at 37 C, followed by allowing tachyzoites to interact with Vero cell 
monolayers for 60 min. In control samples, tachyzoites were incubated 
in the presence of polyclonal anti-No caninum antiserum (1:250) (Hem-
phill et aI., 1996), or in medium alone. Following 3 washes in cold 
PBS, samples were fixed in PBS containing 3% paraformaldehyde for 
30 min. Specimens were then permeabilized, blocked, and further la-
belled with a polyclonal anti-No caninum antiserum and the correspond-
ing fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG con-
jugate (Vonlaufen et aI., 2004). Assessment of the number of parasites 
binding to Vero cells was done by counting tachyzoite numbers in 10 
randomly chosen fields at X400 magnification under fluorescence mi-
croscopy as previously described (Naguleswaran et aI., 2003). 
Expression and purification of recombinant microneme antigen 
recNcMIC4 from E. coli 
The full-length complementary DNA fragment coding for NcMIC4 
was obtained by PCR amplification using forward primer 5'-CACC 
AGTTCCATATGGTTCGCAG-3' and reverse primer 5'-TTATGCGT 
CTTCCTCTTCAA-3' without the signal peptide sequence. To permit 
directional cloning, the forward primer contained a CACC overhang 
(underlined) at its 5' end. The resulting blunt-end PCR product was 
introduced into the pET-TOPO® (Invitrogen, ZUrich, Switzerland) vec-
tor containing a unique GTGG complementary overhang sequence. The 
PCR product together with the pET-TOPO vector was used for trans-
formation of TOPlO E. coli cells (Invitrogen) and the resulting colonies 
were selected and positive transformants analyzed by PCR using the 
same primers. A positive clone was identified and its plasmid DNA 
isolated. The resultant DNA was used for the transformation of E. coli 
strain BL21 Stati'!'(DE3), and protein expression was induced when cul-
tures reached an optical density (OD600 of 0.7 [midlog]), by the addition 
of IPTG to a final concentration of 1 mM. Following a further growth 
of cultures for 4 hr, bacteria expressing recNcMIC4 were centrifuged 
at 3,000 g at 4 C for 10 min and resuspended in buffer A (1 mM DTT, 
1 mM PMSF, 0.2 mM EDTA, 1 M NaCl, 50 mM Tris, pH 8.0). To this, 
100 ILl of 10 mg/mllysozyme was added. The suspension was sonicated 
4 times for 30 sec each at 57 W in a sonifier cell disruptor B-12 (Bran-
son Power Company, Danbury, Connecticut). This was followed by 
ultracentrifugation at 27,000 g in a Centricon T-2070 centrifuge for 30 
min using a TH-641 swing-out rotor at 4 C. The supernatant was re-
moved by aspiration and the pellet resuspended and incubated in buffer 
B (3 mM urea, 1 mM DTT, 1 mM PMSF, 0.2 mM EDTA, 1 M NaCl, 
50 mM Tris, pH 8.0) at 4 C for 30 min. This was followed by sonication 
and ultracentrifugation as mentioned above. After another round of 
treatment with buffer B and ultracentrifugation, the resulting pellet, 
composed of occluded recNcMIC4 protein in the E. coli inclusion bod-
ies, was solubilized using the CelLytic®IB inclusion body solubilization 
reagent. Following brief vortexing and incubation at RT for 30 min, the 
resulting lysate was centrifuged at 16,000 g for 15 min at RT. 
For purification of recNcMIC4, the inclusion body lysate was sub-
jected to protein refolding at 4 C by dialysis, initially with 1 L of 6 M 
urea in H20 for 12 hr, followed by the addition of 500 ml of 25 mM 
Tris-HCl, pH 7.5, for 6 hr, followed by the addition of another 250 ml 
of 25 mM Tris-HCl, pH 7.5, for another 6 hr. The sample was trans-
ferred to 2 L of 25 mM Tris-HCl, pH 7.5, and 150 m NaCl, where the 
protein was dialyzed for 6 hr. All dialysis was carried out with the 
protein lysate within a dialysis tubing of an appropriate MW cutoff 
between 8 and 10 kDa at 4 C, with constant stirring. The refolded 
protein solution was centrifuged for 20 min at 5,000 g and purified 
using Protino® Ni-TED 150 packed column (Macherey-Nagel GmbH, 
DUren, Germany) according to the manufacturer's instructions. The el-
uates containing purified recNcMIC4 were precipitated with acetone 
and centrifuged at 15,000 g at 4 C. Protein concentration was deter-
mined by the Bio-Rad protein assay. Purified recNcMIC4 was resus-
pended in PBS at 30 lLg/mI. The quality of the recNcMIC4 purification 
was routinely checked by SDS-PAGE and silver staining (see Fig. IB). 
Cloning of NcMIC4-cDNA into the mammalian expression vector 
pcDNA3.1 and expression in Vero cells 
A full-length complementary DNA coding the microneme protein 
NcMIC4 was obtained by PCR amplification using primers 5' -ggtaccacc 
ATGGGAGCCTTGCTCTTGGTCCCC-3' containing a unique Kpnl site 
(in lowercase letters) and included the first 24 nucleotides of the NcMIC4 
cDNA sequence, which starts with open reading frame ATG. The reverse 
primer, 5'-gcggccgcTTATGCGTCTTCCTCTTCAAGCAC-3', contained a 
unique Notl site (in lowercase) and included the last 26 nucleotides of the 
sequence and a stop codon. The resultant PCR product was inserted into 
PCR-XL-Topo vector (Invitrogen) and digested with KpnllNotl, followed 
by reinsertion into the pcDNA3.1 vector (Invitrogen) by means of a double 
digestion employing KpnllNotl. The resulting pcDNA3.1-NcMIC4 re-
combinant plasmid was purified from E. coli XL-I blue cells with EndoFree 
Plasmid Mega Kits (Qiagen, Hombrechtikon, Switzerland) and resuspended 
in 10 mM Tris buffer, pH 8.5, at a concentration of 1 mg/ml. The plasmids 
were verified by sequencing and by subsequent transfection and expression 
of NcMIC4 in Vero cells as described by Alaeddine et al. (2005) (data not 
shown). For intramuscular (i.m.) vaccination, pcDNA-NcMIC4 was for-
mulated in PBS, pH 7.5, at a concentration of 250 lLg/ml (Alaeddine et aI., 
2005). 
Mice, vaccination, challenge, and death 
Female C57BU6 mice were purchased from Charles River (Sulzfeld, 
Germany) and were housed with food ad libitum and a natural day-
night cycle according to the Swiss Laws for Animal Welfare set up by 
the Swiss Veterinary Office. Mice were in groups of 10 animals each. 
They were used for experimentation upon reaching 10 wk of age, hav-
ing been checked serologically for the absence of anti-No caninum im-
munoglobulins (preimmune sera) according to Eperon et aI. (1999). 
Mice were vaccinated by i.p. injection of 100 ILl of each of the respec-
tive antigens emulsified in a RIBI adjuvants system (ImmunoChem Re-
search, Inc., Hamilton, Montana) on day 0, and booster doses were 
given at days 28 and 56. Group 1 received 3 times 100 ILl of native 
NcMIC4 (RIB I) at 30 lLg/mI. Group 2 was immunized with 100 ILl 
recNcMIC4 at 30 lLg/ml. Group 3 was vaccinated 3 times with 100 ILl 
of pcDNA-NcMIC4 (500 lLg/ml) by i.m. injections (25 ILg into each 
hind limb muscle). Control group 4 received 3 injections with PBS 
emulsified in RIBI adjuvant (i.p.), control group 5 received 3 injections 
(i.m.) of pcDNA3.1 vector (2 X 25 ILg of the empty plasmid without 
the insert), and control group 6 obtained PBS only (infection control). 
On day 84, all mice were challenged by i.p. injection of 2 X 106 live 
N. caninum tachyzoites (Nc1 isolate) suspended in 100 ILl of PBS. The 
infection dosage was chosen as per previous studies (Cannas, Nagules-
waran, Muller, Eperon et al., 2003; Cannas, Naguleswaran, Muller, Gott-
stein, and Hemphill, 2003; Alaeddine et aI., 2005). 
Following infection, mice were kept under close observation for a period 
of 21 days and their clinical signs noted. After 21 days, all surviving mice 
were killed by CO2 unless indicated otherwise. To isolate sera, blood was 
drawn by cardiac puncture and the heart, lung, liver, spleen, kidney, uterus, 
and the brain were removed by aseptic dissection. One hemisphere of the 
brain was fixed in PBS.,buffered 4% paraforrnaldehyde for a maximum of 
24 hr at 4 C and processed subsequently for immunohistochemistry. The 
other hemisphere, together with the dissected organs, was frozen at -80 C 
for subsequent PCR analysis. 
Serology 
Sera were analyzed at 3 different time points. Preimmune sera were 
collected at day 0 prior to immunization, postimmunization sera were 
obtained at day 84 prior to parasite challenge, and postchallenge sera 
were. taken 21 days following infection. Maxisorp (Nunc, Wiesbaden, 
Germany) strips were coated overnight at 4 C with 100 ILl of the crude 
N. caninum (Nc1) extract (5 ILg/ml), purified native NcMIC4 (500 ng/ 
ml), or recNcMIC4 antigen (7 lLg/ml) in 0.1 M NaHCOr Na2C03, pH 
9. Strips were washed with 0.3% Tween-20 in PBS and incubated for 
1 hr with 200 ILl PBS containing 0.3% bovine serum albumin (BSA) 
and 0.3% Tween-20 (BT buffer). Strips were incubated for 90 min with 
the respective mouse sera diluted 1: 100 in BT buffer. Following 3 wash-
es in BT buffer, wells were incubated with secondary antibodies (al-
kaline phosphatase-conjugated goat anti-mouse IgG; Promega, Madi-
son, Wisconsin), diluted in BT buffer. Wells were subsequently incu-
bated with 120 ILl of 1 mg/ml p-nitrophenylphosphate-disodium in 10% 
diethanolamine containing 0.5 mM MgCl2 X 6H20, pH 9.8. The ab-
sorbance was read at 405 nm (reference filter at 630 nrn) using a Dy-
natech-ELISA reader (Embrach, Switzerland) and the corresponding 
Dynatech Biocalc software. The arbitrary selected cut-off for each 
group was determined by measuring the values of sera taken prior to 
vaccination and plus 3 SD (Cannas, Naguleswaran, Muller, Eperon et 
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aI., 2003; Cannas, Naguleswaran, Muller, Gottstein, and Hemphill, 
2003; Alaeddine et aI., 2005). 
Immunohistochemistry 
Immunofluorescence of brain tissue sections was performed in ac-
cordance with Fuchs et ai. (1998). Paraffin sections containing parafor-
maldehyde-fixed brain tissue were placed on POlY-L-lysine-coated glass 
slides. Five paraffin sections separated by 7 sections each were depar-
affinized in xylol and rehydrated in a graded series of methanol, fol-
lowed by washes in water and finally PBS. Nonspecific binding sites 
were blocked in PBS containing 1 % BSA and 50 mM glycine (blocking 
buffer) for 2 hr. Subsequently, sections were incubated with anti-No 
caninurn antiserum (Hemphill et aI., 1996) at a dilution of 1:250 in 
blocking buffer for 1 hr. Goat anti-rabbit FITC was applied at 1:100 in 
blocking buffer for 1 hr. Following extensive washing in PBS, the prep-
arations were incubated in fluorescent dye Hoechst 33258 (l fLglml in 
PBS) for 2 min, washed in PBS, and mounted in Fluoroprep (Bio-
Merieux S. A., Geneva, Switzerland). All specimens were viewed on a 
Leitz Laborlux S fluorescence microscope, and parasite loads in indi-
vidual sections were determined using a scoring system as previously 
described (Alaeddine et aI., 2005). 
Immunofluorescence of N. caninurn tachyzoite-infected Vero cells 
was done according to Keller et ai. (2004). In short, N. caninurn tachy-
zoites were grown in Vero cells on coverslips, then fixed, permeabilized, 
and blocked as described earlier (Hemphill et aI., 1996; Vonlaufen et 
al., 2004). Immunolabeling was carried out using sera obtained upon 
vaccination with native NcMIC4, recNcMIC4, and pcDNA-MIC4 di-
luted 1:500 each in PBS with 0.5% BSA. Bound antibodies were de-
tected by FITC-conjugated anti-mouse IgG. Tachyzoites were then 
stained with anti-No caninurn antiserum at a dilution of 1:1,000 in PBS/ 
0.5% BSA. The secondary antibody was a tetramethyl-rhodamine iso-
cyanate (TRITC)-conjugated anti-rabbit IgG. Nuclei were stained with 
Hoechst 33258 (25 fLglml) in PBS at a 1:300 dilution. All specimens 
were viewed on a Nikon Eclipse E800 digital fluorescence microscope 
and images were processed employing the Openlab 2.0.7 software (Im-
provision, Heidelberg, Germany). 
Isolation of DNA and Neospora-specific PCR 
For DNA extraction, the excised organ material was thawed on ice, 
and processed with the High Pure PCR template preparation@} kit 
(Roche Diagnostics, Basel, Switzerland) according to the manufacturer's 
instructions. Conventional N. caninurn-PCR was performed according 
to Muller et al. (1996). Reactions were done on 1 fLl aliquots containing 
20 ng of previously denatured DNA in a 50 fLl PCR mix. 
Quantitative real-time PCR 
For assessment of infection intensities, N. caninurn quantitative PCR 
was performed as described by Muller et ai. (2002). PCR amplification 
was performed with the Lightcycler DNA Master Hybridisation 
Probes@} kit (Roche). For the detection of amplicons, an Nc5-specific 
5' -LC-red 640-labeled Np 5LC detection probe and a 3' -fluorescein-
labeled Np 3FL anchor probe (TIB MOLBIOL, Berlin, Germany) were 
used. Fluorescence signals from the amplification products were quan-
titatively assessed by applying the standard software (version 3.5.3) of 
the LightCycler Instrument. 
. , 
Statistics 
The significance of the differences among the control and experi-
mental assays was determined by Student's t-test using the Microsoft 
Excel program, by Fisher's exact test, and by Kruskal-Wallis test. P 
values <0.05 were considered statistically significant. 
RESULTS 
Purification of native and recombinant NcMIC4 
We had previously reported that NcMIC4 can be efficiently 
purified out of N. caninum tachyzoite extracts through lactose-
affinity chromatography (Keller et aI., 2004). Since lactose is a 
heterodimer composed of glucose and galactose, we investigat-
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FIGURE 2. In vitro inhibition assay of N. caninurn tachyzoite host 
cell interaction performed upon incubation with PBS (control), rabbit 
anti-No caninurn antiserum, the corresponding preimmune serum, anti-
NcMIC4 antiserum, and the corresponding preimmune serum. Tachy-
zoites/field indicates the number of host cell monolayer-associated N. 
can inurn tachyzoites. 
ed which sugar moiety would be preferentially recognized by 
NcMIC4. Washing of N. caninum extract-loaded lactose-aga-
rose columns with 100 mM glucose did not result in elution of 
any proteins, whereas subsequent washing in 100 mM alpha-D-
methylgalactoside resulted in the quantitative release of Nc-
MIC4. This demonstrated that the lectin activity of NcMIC4 
has a high affinity for the galactosyl, but not for the glucosyl 
moiety of lactose. Lactose-affinity chromatography-purified na-
tive NcMIC4 used for subsequent vaccination studies is shown 
in Figure IA. Recombinant NcMIC4 (recNcMIC4) was purified 
out of an E. coli extract by NP+ -affinity chromatography, and 
is shown in Figure lB. 
Inhibition of N. caninum host cell interaction by 
anti-NcMIC4 antiserum. 
Hyperimmune sera were generated against purified native 
NcMIC4 in rats. Incubation of N. caninum tachyzoites with 
anti-NcMIC4 serum and subsequent assessment of the parasite 
numbers binding to or invading Vero cells monolayers showed 
that the addition of anti-NcMIC4 antibodies caused a significant 
reduction in the amounts of tachyzoites adhering and invading 
Vero cells compared to the negative control (Fig. 2). The in-
hibition was not as pronounced as for a polyclonal anti-No can-
inum antiserum, but the result indicated that antibodies against 
NcMIC4 interfere in processes associated with adhesion and/or 
invasion of host cells in vitro, and provided the rationale for 
subsequent vaccination studies. 
Clinical signs following immunization of mice with 
NcMIC4-based vaccines and challenge with N. caninum 
tachyzoites 
Clinical signs such as apathy, ataxia, ruffled coat, tilted head, 
and hind limb paralysis, together with affected motor move-
ments, were observed in all groups of mice receiving vaccina-
tion, with varying intensities. At the onset of clinical symptoms, 
mice were killed (Fig. 3). In group 1, comprising mice vacci-
nated with native NcMIC4, clinical signs (apathy, ruffled coat) 
appeared in 2 mice relatively early after infection (days 8 and 
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13), and these 2 animals had to be killed. The remaining mice 
remained without obvious clinical symptoms until day 21 post-
infection (p.i.). In group 2, vaccinated with recNcMIC4, all 
mice remained healthy until day 19, but 2 animals that exhibited 
intense symptoms, including disordered movements and hind 
limb paralysis, died. Nevertheless, as in group 1, the rest of the 
mice survived until day 21 p.i. In group 3, vaccinated with 
pcDNA-NcMIC4, a larger number of mice exhibited classical 
signs of neosporosis of high severity starting at day 10 p.i., 
with only 40% of the mice surviving until the completion of 
the experiment at 21 days of parasite challenge. Mice from all 
the 3 control groups survived without showing any symptoms 
of cerebral neosporosis (data not shown). At the end of day 21, 
the surviving mice from all the groups were killed. 
To establish whether the vaccination regimen in itself had a 
significant effect on the survival of mice, based on clinical si,gns 
and date of death, we performed the Fisher's exact test that 
1~~----------------------~ 
control native 
NcMlC4 
included all the data on native NcMIC4-, recNcMIC4-, and 
pcDNA-NcMIC4-vaccination and their respective controls. 
Fisher's exact test revealed that the vaccination regimen in itself 
had a significant negative impact on the survival rate of the 
mice (P "" 0.02). 
Detection and quantification of parasite dissemination 
and cerebral parasite burden 
The organ distribution of parasites was detected by a quali-
tative N. caninum-specific PCR used for diagnostic purposes 
(Muller et aI., 1996). The brain, liver, lung, spleen, kidney, and 
uterus were tested. The brains of all mice from all groups tested 
PCR-positive for N. caninum. Most other organs were PCR-
negative. One mouse in the native NcMIC4 and recNcMIC4 
group, as well as 7 mice in the pcDNA-NcMIC4-vaccinated 
group, tested positive in the uterus. The same mouse in the 
native NcMIC4-vaccinated group was also N. caninum-PCR-
positive in the heart, lung, liver, and kidney. Two mice, each 
vaccinated with either recNcMIC4 or pcDNA-NcMIC4, tested 
positive in the lung. Parasite DNA was not detected in any of 
the other organ samples. 
Immunohistochemical analysis of the corresponding brain 
sections revealed that infection intensities varied strongly with-
in a given group (data not shown). In general, however, im-
munohistochemistry suggested that parasite burden was maxi-
mal in the group vaccinated with pcDNA-NcMIC4. Therefore, 
cerebral parasite load in each group was quantified by analyzing 
1 hemisphere of each brain by real-time PCR. Figure 4A shows 
the results obtained upon comparing group 1, vaccinated with 
native NcMIC4, and the control group 4, vaccinated with RIBI 
adjuvant (Kruskal-Wallis test). There is a significant reduction 
in parasite burden upon vaccination with native NcMIC4 (P "" 
0.04), indicating that despite the occurrence of clinical symp-
toms in 20% of the vaccinated animals, there was a significant 
reduction in overall cerebral parasite load. Figure 4B compares 
the parasite burden upon vaccination with recNcMIC4 and the 
control group 4 vaccinated with RIBI adjuvant. In contrast to 
native NcMIC4, there is no significant difference in cerebral 
parasite load in recNcMIC4-vaccinated mice (P = 0.09). 
1500~----------------------~ 
control recombinant 
NcMIC4 
FIGURE 4. Comparison of the cerebral Neospora parasite load in control animals and in mice vaccinated with native NcMIC4 (A) or recom-
binant NcMIC4 (B). Vaccination with native NcMIC4 resulted in a significant reduction in parasite as assessed by Kruskal-Wallis test (P = 0.04), 
whereas vaccination with recombinant NcMIC4 did not (P = 0.09). Highest and lowest values are indicated by horizontal lines. 
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FIGURE 5. Immunolocalization of epitopes recognized by antibodies generated by vaccination with native NcMIC4 (A) and recNcMIC4 (B). 
Both antisera bind specifically at the apical end of the N. caninum tachyzoites. 
Serological responses as assessed by 
immunofluorescence and ELISA 
Antisera obtained from mice vaccinated with native NcMIC4 
and recNcMIC4 were applied to Vero cell cultures infected with 
N. caninurn tachyzoites. Both antisera specifically reacted with 
the apical part of N. caninurn tachyzoites, which is indicative 
for the localization of micronemes (Fig. SA, B), demonstrating 
that a specific and high-titer humoral immune response against 
NcMIC4 was elicited upon vaccination. This was confirmed by 
ELISA (see below). Antisera obtained through vaccination with 
pcDNA-NcMIC4, as well as the sera from the RIBI and pc DNA 
control groups, did not label N. caninurn tachyzoites (data not 
shown). 
Antibody responses (IgG) upon vaccination of mice (post-
vaccination sera) from the different groups were analyzed by 
ELISA using crude somatic Nc-l antigen extract (Fig . 6A), pu-
rified native NcMIC4 antigen (Fig. 6B), and recNcMIC4 (Fig. 
6C). Vaccination with pcDNA-NcMIC4 did not induce any de-
tectable antibody response against crude antigen extract, puri-
fied NcMIC4, or recNcMIC4. Vaccination with recNcMIC4 did 
not result in detectable antibody levels against crude N. can-
inurn antigen, but resulted in a high antibody response against 
purified NcMIC4 and recNcMIC4. Vaccination with native 
NcMIC4 elicited elevated IgG levels against both crude N. can-
inurn extract and purified NcMIC4, as weIl as against rec-
NcMIC4. 
Following challenge, high antibody titers against crude N. 
caninurn extract were evident in all groups, but these were 
clearly lower in the group vaccinated with native NcMIC4 (Fig. 
6A). Antibody titers against purified NcMIC4 following chal-
lenge were detectable only in sera from native NcMIC4- and 
recNcMIC4-vaccinated mice, again with the sera from the 
group vaccinated with the native protein showing lower levels 
compared to the sera from the group vaccinated with rec-
NcMIC4 (Fig. 6B). 
The IgG responses were analyzed for the presence of IgG I 
and IgG2a. Antibodies elicited against both native NcMIC4 and 
recNcMIC4 upon vaccination and subsequent challenge with 
native NcMIC4 were characterized by high IgGl and, clearly, 
very low IgG2a titers pre- and postchallenge (Fig. 7A, B), 
which would indicate that a Th2-type immune response was 
launched upon vaccination with purified native NcMIC4. The 
IgG responses induced by vaccination with recNcMIC4 against 
native NcMIC4 was also dominated by IgG 1, but antibodies 
directed against recNcMIC4 were characterized by the presence 
of both IgG 1 and IgG2a isotypes postimmunization and post-
. challenge, indicating that a mixed Thl-Th2 response was elic-
ited against recNcMIC4 upon vaccination with the recombinant 
version of NcMIC4 (Fig. 7C, D). 
DISCUSSION 
As in other apicomplexan parasites, N. can inurn micronemal 
proteins have been shown to play an important role in medi-
ating contact between the parasite and host cell surface recep-
tors (reviewed in Hemphill et aI., 2006). NcMIC4 is a micro-
neme-associated protein that is secreted by tachyzoites as a sol-
uble component as soon as the parasites initiate egress from the 
host cell. Using lactose-affinity chromatography, NcMIC4 
could be easily purified, and the purified protein was found to 
bind to chondroitinsulfate A (Keller et aI., 2004). Chondroitin-
sulfates were previously shown to be preferentially recognized 
by N. caninurn tachyzoites for establishing physical contact 
with the host cell surface membrane (Naguleswaran et aI., 2002, 
2003). 
In vitro host cell invasion experiments showed that the in-
te(action between N. can inurn tachyzoites and Vero ceIl mono-
layers was significantly impaired in the presence of anti-
NcMIC4 antibodies. This suggested that NcMIC4 could be re-
garded as a potential vaccine candidate. Similarly, Haldorson 
et aI. (2006) recently demonstrated that both polyclonal and 
monoclonal antibodies directed against affinity-purified native 
NcSRS2 significantly inhibited the invasion of Vero celIs and 
bovine trophoblasts by N. can inurn tachyzoites in vitro. Thus, 
we hypothesized that any interference in parasite-host interac-
tion may be exploited at some critical level to control the spread 
of the parasite within the host. We therefore comparatively as-
sessed the effects upon parasite challenge of 3 versions of 
NcMIC4, namely native lactose-aFfinity-purified NcMIC4, bac-
teriaIly expressed recombinant recNcMIC4, and the DNA vac-
cine pcDNA-NcMIC4. 
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FIGURE 6. ELISA measurement of IgG antibody responses of mice 
against crude somatic Nc-l extract (A). purified native NcMIC4 antigen 
(B), and recombinant NcMIC4 antigen (C). Time points of bleeding 
were on day 0 (before vaccination, data not shown), on day 41 (post-
immunization; white columns) and on the day of host death (21 days 
postchallenge; black columns). Error bars represent SD. The arbitrary 
selected cutoff is representative of the value~ obtained before vaccina-
tion plus 3 SD. 
Our results suggest that the clinical outcome of vaccination 
procedures utilizing NcMIC4 antigen is largely detrimental to 
the desired effects, in that only in those groups vaccinated with 
NcMIC4 antigens clinical sign occurred, whereas in all other 
groups mice remained without symptoms until day 21 postchal-
lenge. Thus, considering all experimental groups, statistical 
evaluation using Fisher's exact test showed that vaccination 
based on NcMIC4 itself had a significant negative impact on 
the survival of the mice. 
Mice acquired disease only in those groups that had received 
the vaccination treatment, but not in the corresponding control 
groups. Vaccination with pcDNA-NcMIC4 appeared to have an 
especially significant impact (only 40% survivors), and in this 
group the overall cerebral parasite burden as assessed by im-
munohistochemistry and real-time PCR was clearly the highest, 
showing a good correlation with clinical symptoms. Thus, 
pcDNA-NcMIC4 vaccination had an antiprotective effect, lead-
ing to disease in the majority of the mice in this group. Similar 
findings were obtained in other studies using DNA vaccines 
based on N. caninum antigens such as NcMICl (Alaeddine et 
a!., 2005) and NcMIC3 (data not shown). It is not clear why 
this is the case. Hypothetically, a DNA vaccine offers the ad-
vantage of the continuous expression of the parasite antigen, 
thereby promoting a successful therapeutic immune response in 
the host (Kowalczyk and Ert!, 1999). However, the response 
may also trigger the production of anti-DNA antibodies thereby 
causing an autoimmune reaction within the host (Kowalczyk 
and Ert!, 1999). This may result in the breakdown of the pro-
tective immune mechanism, which is reflected here by the ab-
sence of a detectable antibody response prior to challenge. This 
could have indirectly proven gainful for the parasite to establish 
an infection. 
Antiprotective effects of vaccination against experimental 
challenge infection has also been shown in other apicomplexan 
models such as Toxoplasma gondii. Kasper et a!. (1985) re-
ported that immunization of mice with affinity column-purified 
SAG I protein resulted in increased mortality in immunized 
mice compared to the nonvaccinated controls upon challenge 
infection with T. gondii tachyzoites. In addition, vaccinated 
mice had an increased number of intracerebral tissue cysts when 
compared with the control group (Kasper et aI., 1985).Vacci-
nation of mice with native and recombinant NcMIC4 did not 
have the same dramatic anti protective effect, but resulted in 2 
mice per group suffering from clinical signs and succumbing 
to infection. This happened relatively early following challenge 
(days 8 and 13) in native NcMIC4-vaccinated mice, and at a 
later stage (day 19) for the recNcMIC4-vaccinated mice. The 
early advent of mice succumbing to infection in the group vac-
cinated with native NcMIC4 was not linked to the presence of 
the parasite in organs other than the brain (data not shown); 
thus, cerebral infection was probably the only reason account-
able for this observation. The late occurrence of clinical signs 
in mice vaccinated with recNcMIC4 raises the question of what 
would have happened at a later stage postchallenge, but to be 
able to directly compare our results with those of earlier vac-
cination studies on the immunodominant surface antigens 
NcSAG 1 and NcSRS2 (Cannas, Naguleswaran, Muller, Eperon 
et aI., 2003; Cannas, Naguleswaran, Muller, Gottstein, and 
Hemphill, 2003) and NcMICl (Alaeddine et aI., 2005), the ex-
periment was terminated at 3 wk postchallenge. 
Evaluation by quantitative PCR showed that the native 
NcMIC4-vaccinated group, but not the recNcMIC4-vaccinated 
mice, exhibited a significantly reduced cerebral parasite load 
compared to the RIBI control group. Nevertheless, 2 mice in 
each experimental group died, and none in the control groups. 
Thus, a reduction in cerebral parasite load does not necessarily 
lead to a reduction in clinical symptoms. This is, however, in 
accordance to earlier findings (Cannas, Naguleswaran, Muller, 
Eperon et a!., 2003; Cannas, Naguleswaran, Muller, Gottstein, 
and Hemphill, 2003; Liddell et a!., 2003; Alaeddine et aI., 
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FIGURE 7. IgG I and IgG2a isotype measurements in vaccinated groups against native and recombinant NcMIC4. (A + B) IgG isotypes in 
response to vaccination with native NcMIC4 against native NcMfC4 antigen (A). or against recombinant NcMIC4 (B). (C+D) IgG isotypes upon 
vaccination with recombinant NcMIC4 against native NcMIC4 (C) or against recombinant NcMIC4 (D). Time points of bleeding were on day 0 
(before vaccination, data not shown), on day 41 (before challenge; white columns), and on the day of host death (21 days postchallenge; black 
columns). Error bars represent SD. The arbitrarily selected cutoff is representative of the values obtained before vaccination plus 3 SD. 
2005), which had shown that there is no direct correlation be-
tween cerebral parasite load and cerebral disease. Most likely, 
the occurrence of cerebral neosporo'!>is is linked to additional 
factors such as location of the parasites in the brain, and prob-
ably also to factors associated with the cellular immune re-
sponse, the purity and exact composition of the antigens, the 
presence of B- and T-cell epitopes, antigen presentation path-
ways, type of adjuvant, and age and immune status of the mice. 
Analysis of serological responses shows that there is a clear 
difference in the humoral immune responses in the different 
groups toward crude N. caninum antigen, native NcMIC4, and 
recNcMIC4. First, as indicated above, no serological responses 
were observed in the group receiving the DNA vaccine. Sec-
ond, in contrast to sera from mice vaccinated with native 
NcMIC4, sera from mice vaccinated with recNcMIC4 did not 
exhibit detectable IgO levels reacting with crude Neospora ex-
tract, but they reacted readily with native NcMIC4. There are 
several potential explanations for this: (1) in terms of quantity, 
NcMIC4 does clearly not represent a major antigen in this crude 
extract (Keller et aI., 2004), and it is possible that there are not 
sufficient amounts of NcMIC4 adsorbed to the ELISA well sur-
face to be detected by these sera; (2) the more efficient reaction 
of sera from mice vaccinated with the native protein could be 
explained by potentially different epitopes recognized by anti-
native NcMIC4 IgO (a parasite product) and anti-recNcMIC4 
IgO (a bacterial product). In fact, the occurrence of different 
IgO isotypes in postvaccination sera obtained from mice vac-
cinated with native and recombinant NcMIC4 indicates that 
there could be differential recognition of B-cell epitopes in na-
tive NcMIC4 and recNcMIC4. 
Another feature highlighting a difference between the sero-
logical responses against the native and recombinant antigens 
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is characterized by the consistently lower levels of IgG in the 
sera of mice vaccinated with native NcMIC4. This lower level 
of antibody response compared to recNcMIC4-vaccinated mice 
is maintained in postchallenge sera. It is possible that these 
lower levels of IgG are a consequence of the type of immune 
response that was mounted during immunization. Vaccination 
with native NcMIC4 produces antibodies of almost exclusively 
the IgG I isotype, indicating a Th2 bias in the underlying cel-
lular immune response, whereas antibodies generated during 
vaccination with recNcMIC4 were of both IgG 1 and IgG2a iso-
types. The clear IgGI bias in native NcMIC4-vaccinated mice 
was maintained following challenge, as was the mixed IgG 1-
IgG2a antibody response in the recNcMIC4-vaccinated mice. 
Earlier studies carried out by Long et al. (1998) using 
Balb/c, C57Bl/6, and B IO.D2 mice have shown that mouse 
strains more resistant to cerebral disease produce higher levels 
of IgG2a and thus are protected through a Thl-type immune 
response, whereas the immune response in more-susceptible 
mice was associated with high IgG I antibodies. On the other 
hand, Baszler et al. (2000) showed that antigen lysates mixed 
with Freund's incomplete adjuvant induced Th2-type responses 
and exacerbated the disease in Balb/c mice. Balb/c mice have 
an inherent Th2-bias, in contrast to C57Bl/6 mice, which will 
preferentially mount a Thl-biased immune response (Charles et 
aI., 1999). Thus the induction of high levels of IgG I upon ce-
rebral N. caninum infection is rather surprising, and in this case 
clearly not successful in terms of preventing disease. However, 
investigations on another recombinant microneme protein, 
recNcMIC3 (Cannas, Naguleswaran, Muller, Gottstein, and 
Hemphill, 2003), have shown that immunization of mice with 
this antigen induced significant levels of protection against ce-
rebral infection, which were associated with an IgG 1 antibody 
response against crude N. caninum extract. This would most 
likely be more compatible with a successful outcome of preg-
nancy (Innes and Vermeulen, 2006). 
For protection against fetal infection and abortion, a Th2-
type immune response capable of inhibiting parasite prolifera-
tion and dissemination during pregnancy would be a preferable 
option. In this respect, Haldorson et al. (2005) had shown that 
vaccination of mice with native, purified NcSRS2 resulted in 
mice producing antigen-specific antibody, primarily of IgG 1 
subtype. Following challenge during gestation with 107 tachy-
zoites, immunized mice had a statistically significant decreased 
frequency of congenital transmission compared to nonimmun-
ized mice or mice inoculated with adjuvant alone. Decreased 
congenital transmission among immunized mice correlated with 
a predominantly Th2 immune response compared to nonim-
munized mice as indicated by an increased ratio of interleukin 
4 (IL-4) to interferon gamma (IFN-gamma) secretion from an-
tigen-stimulated splenocytes (Haldorson et aI., 2005). IgG 1 is-
otyping in our experiment suggests that vaccination of mice 
with native NcMIC4 does also induce an immune response with 
a Th2-bias, but this needs to be confirmed on the level of cel-
lular immunity and cytokine expression. In terms of cerebral 
infection, vaccination with native NcMIC4 did not have a pro-
tective efficacy under the conditions used in this experimental 
model. 
In conclusion, in this model for cerebral infection, vaccina-
tion with different variants of NcMIC4 has proven rather anti-
protective, and further studies should address the elucidation of 
this vaccinial anti protection against N. caninum. 
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PARASITE COMMUNITIES OF COMMON DOLPHINS (DELPHINUS DELPHIS) FROM 
PATAGONIA: THE RELATION WITH HOST DISTRIBUTION AND DIET AND COMPARISON 
WITH SYMPATRIC HOSTS 
Barbara Beron-Vera, Enrique A. Crespo, Juan A. Raga', and Mercedes Fernandez' 
Laboratorio de Mamfferos Marinos, Centro Nacional Patagonico, CONICET, and Universidad Nacional de la Patagonia (UNP), Blvd. Brown 
3600,9120 Puerto Madryn, Chubut, Argentina. e-mail: barbara@cenpat.edu.ar 
ABSTRACT: We studied the helminths of 18 common dolphins, Delphinus delphis, from northern Patagonia. Parasites were found 
only in the gastrointestinal tract. Four species were in the stomach, the nematode Anisakis simplex, the acanthocephalan Cory-
nosoma cetaceum, and the digeneans Braunina cordiformis and Pholeter gastrophilus, plus 1 digenean in the hepatopancreatic 
ducts, Oschmarinella rochebruni. Infection levels were low (0-155 parasites). Braunina cordiformis and C. cetaceum were the 
most prevalent species. Anisakis simplex was mainly concentrated in the forestomach, B. cordiformis in the main stomach, and 
C. cetaceum in the pyloric stomach. Component diversity was low and component evenness was intermediate. Infracommunity 
diversity was also low, and the mean evenness was higher than at the component community level. Low prevalence in common 
dolphins is consistent with parasite assemblages of other cetaceans off Patagonia. None of the parasites found is specific to this 
host species within the study area. We suggest that potential prey are probably important in parasite transmission in this and 
other dolphins from the Patagonian region. 
The parasite fauna of marine mammals from the southwest- MATERIALS AND METHODS 
em Atlantic Ocean has been poorly studied. Recently, however, Data collection 
there has been an increasing interest in parasites of Argentinian 
marine mammals, particularly odontocetes, such as the francis-
cana Pontoporia blainvillei (Aznar et al., 1994), the dusky dol-
phin Lagenorhynchus obscurus (Dans et aI., 1999), Commer-
son's dolphin Cephalorhynchus commersonii (Ber6n-Vera et aI., 
2001), and the hourglass dolphin L. cruciger (Fernandez et aI., 
2003). These studies have described helminth communities of 
by-caught or stranded dolphins and examine parasite acquisi-
tion. In part, these studies also have dealt with parasite acqui-
sition in relation to prey consumption and host habitat distri-
bution (Dans et aI., 1999; Ber6n-Vera et al., 2001). 
Very little is known about the biology of the common dol-
phin Delphinus delphis in Patagonia. Furthermore, the current 
taxonomic status of D. delphis in the southwestern Atlantic 
Ocean is unclear (Gonzalez, 2002). Common dolphins are pe-
lagic cetaceans, distributed in tropical to warm temperate waters 
worldwide (Jefferson et al., 1993), and are accidentally killed 
by pelagic trawl nets in Argentina (Crespo et al., 2000). 
There are numerous studies on the parasite fauna of common 
dolphins in the northern hemisphere (e.g., Delyamure, 1955; 
Dailey and Brownell, 1972; Babin et al., 1994; Evans, 1994; 
Norman, 1997; Abollo et al., 1998; Gibson et al., 1998), but 
data for southern populations are limited to taxonomic studies 
(Aznar et aI., 2002) or involve small «3) numbers of animals 
(Aznar et al., 2003). In an effort to d~velop more substantive 
information regarding the parasite fauna of common dolphins 
in Patagonian waters, our objectives were to (1) describe the 
community structure of common dolphin parasites at the infra-
and component population levels and (2) compare species rich-
ness of common dolphins to that of sympatric species from 
Patagonia. 
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Eighteen common dolphins (6 females and 12 males) were acciden-
tally caught in midwater trawl nets in northern Patagonia (between 39° 
and 42°S and 60° and 62°W) during January 1999. The animals were 
kept frozen until necropsy, which was carried out following standard 
procedures (Norris, 1961). Stomachs, intestines, livers, hepatopancreatic 
ducts, and lungs were examined for helminth parasites. All examina-
tions were conducted using a stereomicroscope at 6.3 X magnification. 
The 4 stomach chambers, the forestomach (FS), the main stomach (MS), 
the pyloric stomach (PS), and the duodenal ampulla (DA), were ob-
served separately to assess parasite distribution. We isolated the para-
sites from food contents and recovered them with a 0.5-mm mesh sieve. 
We divided the intestines into 30 sections of equal length and washed 
the contents of each section through a 0.5-mm mesh sieve; the hepa-
topancreatic ducts were opened and examined. Bronchial tubes were 
opened longitudinally, and lung parenchyma was inspected for encysted 
parasites. All the parasites recovered were counted and preserved in 
70% ethanol. Acanthocephalans and nematodes were cleared in lacto-
phenol, then identified and sexed. Nematodes were also identified as L3 
or L4. Digeneans were stained in iron acetocarmine (Georgiev et aI., 
1986) and mounted in Canada balsam. Voucher specimens were depos-
ited in the U.S. National Parasite Collection, Agricultural Research Ser-
vice, U.S. Department of Agriculture, Beltsville, Maryland (USNPC 
99620, 99621, 99622, 99623, 99624). 
Data analyses 
Ecological terminology was from Bush et al. (1997). To calculate 
infection parameters (objective 1) we used Quantitative Parasitology 3.0 
free software (Reiczigel and Rozsa, 2001). We determined the distri-
bution of the most prevalent species across the stomach chambers (FS, 
MS;PS, and DA) at the infra- and component population levels, fol-
lowing Aznar et al. (2003). We also calculated the sex ratio of C. ce-
taceum at the component and infrapopulation levels. The overall sex 
ratio was expressed as the number of males/total number of worms 
(males + females). The sex ratio was also calculated in each stomach 
chamber. As the sex ratio comes from very different sample sizes, 95% 
confidence intervals and median values of the sex ratio were calculated 
by nonparametric bootstrap, using the bias-corrected and accelerated 
percentile algorithm. Bootstrap calculations were performed with the 
bootstrap package (Efron and Tibshirani, 1993) under R 1.5.5 (Ihaka 
and Gentleman, 1996). When data fitted normality, we employed a 1-
sample t-test to determine if the sex ratio differed from 1: 1 (overall and 
across stomach chambers). 
For comparative purposes, we used species richness, which was cal-
culated as the mean number of parasite species present per host ex-
amined at the infracommunity level. The component community was 
expressed as the total number of species found. We also estimated com-
pound community richness with the jacknife estimator (Magurran, 
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TABLE I. Infection parameters of the parasites present in each stomach chamber (FS, MS, PS, and DA), in common dolphins, Delphinus delphis, 
from northern Patagonia and percentage of the component populations and infrapopulations (mean ± SD) of Anisakis simplex, Braunina cordi-
formis, and Corynosoma cetaceum in the different stomach chambers. 
Braunina Pholeter Corynosoma C. cetaceum C. cetaceum Anisakis simplex A. simplex 
cordiformis gastrophilus cetaceum (females) (males) L3 (adults) 
Forestomach 
N 7 6 5 10 
Mean intensity 3.5 ± 2.12 1 h 2.5 ± 1.29 
Range of intensity 2-5 1-1 1-1 1-1 1-4 
Median intensity 3.5 3 
% compo comm. 1.84 1.01 61.12 
% infracomm. 3.79 ± 23.84 4.53 ± 12.21 29.86 ± 25.73 
Main stomach 
N 264 46 27 19 5 
Mean intensity 22 ± 3.18 5.11 ± 9.04 4.5 ± 7.15 3.167 ± 3.37 2.5 ± 2.12 
Range of intensity 1-103 1-19 1-19 1-10 1-4 
Median intensity 6.5 2 1.5 2 2.5 
% compo comm. 69.47 7.77 27.78 
% infracomm. 55.5 ± 45.97 9.03 ± 17.48 8.33 ± 25.73 
Pyloric stomach 
N 98 473 279 194 2 
Mean intensity 16.33 ± 19.75 39.41 ± 42.1 23.25 ± 31.17 17.64 ± 12.55 
Range of intensity 1-48 1-109 1-109 4-35 1-1 
Median intensity 6.5 13.5 14 13 
% compo comm. 25.79 79.9 11.12 
% infracomm. 19.17 ± 34.3 57.7 ± 43.35 6.25 ± 23.58 
Duodenal ampulla 
N 11 4 67 36 31 
Mean intensity 2.75 ± 3.5 4.0 ± 3.38 8.38 ± 6.88 4.5 ± 3.82 4.43 ± 3.82 
Range of intensity 1-8 4-4 1-11 1-9 1-11 
Median intensity 1.0 4.0 7.5 4.5 4.0 
% compo comm. 2.89 11.32 
% infracomm. 1.87 ± 4.07 12.05 ± 24.45 
1988). Parasite diversity and evenness were calculated at the infracom-
munity level using the mean individual Brillouin indices (Magurran, 
1988). We employed Stirlings approximation for N! (Seber, 1982) to 
calculate each index because in some cases we had total number of 
parasites per host higher than 170 and factorials could not be otheJ;,wise 
calculated. This approximation gives an approximate value of the fac-
torial function when N »> 1. At the component community level, we 
used the Shannon-Wiener index (Krebs, 1989), which was also calcu-
lated, using published data, to evaluate parasite diversity of other dol-
phins from Patagonia, i.e., dusky dolphins L. obscurus (Dans et aI., 
1999) and Commerson's dolphins C. commersonii (Ber6n-Vera et aI., 
2001) from central Patagonia (cP) and Tierra del Fuego (TF), as well 
as franciscana P. blainvillei (Aznar et aI., 1994) from south of Buenos 
Aires Province (38.5°S). These values were' compared with parasite di-
versity in common dolphins, and their significance was assessed with 
Hutchenson's t-test (Krebs, 1989). 
RESULTS 
All but 1 male had helminths, and infections were in all or-
gans examined except the lungs and intestines. Three digeneans 
(Braunina cordiformis, Pholeter gastrophilus, and Oschmari-
nella rochebruni) , 1 acanthocephalan (c. cetaceum), and 1 
nematode (Anisakis simplex s.l.) were present. All parasites 
were adults except for A. simplex, which were mainly larvae 
(97.73% L3-L4). Prevalence of infection for the 5 species was 
88% for C. cetaceum, 72% for B. cordiformis, 50% for A. sim-
plex, 22% for O. rochebruni, and 16% for P. gastrophilus. An-
isakis simplex were found mainly in the forestomach, B. cor-
diformis in the main stomach, and C. cetaceum in the pyloric 
stomach. 
The distribution of A. simplex, B. cordiformis, and C. ceta-
ceum across the different stomach chambers is presented in Ta-
ble I. The single adult female and 58.8% of the L3 of A. simplex 
appeared in the FS; 29.4% were in the MS, and the remaining 
11.8% were in the PS. Braunina cordiformis were mostly con-
centrated in the MS and C. cetaceum in the pyloric (Table I). 
Th~distribution of P. gastrophilus was not included in the anal-
ysis because of the low numbers. Oschmarinella roche bruni 
was present in 4 male hosts. In C. cetaceum, the sex ratio dif-
fered from 1:1, favoring females. The global sex ratio of C. 
cetaceum was 0.42 at the component population, with a mean 
::!:: SD of 0.44 ::!:: 0.18 at the infrapopulation level (t = 33.5, P 
< 0.001). The sex ratio across the stomach chambers, at the 
component population level, was MS = 0.41, PS = 0.41, and 
DA = 0.46. At the infrapopulation level, the ratio was MS = 
0.446 ::!:: 0.105, t = 23.17, P < 0.001; PS = 0.42 ::!:: 0.058, t = 
59.9, P < 0.001; DA = 0.456 ::!:: 0.05, t = 34.93, P < 0.001). 
The sex ratio in the forestomach was not calculated because of 
the small sample size; only a few individuals were present, and 
the majority of them were males. 
Species richness at the infracommunity level was 2.61 ::!:: 1.04 
1058 THE JOURNAL OF PARASITOLOGY, VOL. 93, NO.5, OCTOBER 2007 
parasite species per host. Both observed and estimated com-
pound community richness was for 5 species. Species diversity 
was low (H' = 0.94), and evenness was intermediate (E = 0.58) 
at the component community level. For the infracommunities, 
diversity was also low (mean HB = 0.65 ± 0.28), although the 
mean evenness was higher than at the component level (E = 
0.73 ± 0.17). Component species diversity in common dolphins 
was similar to dusky (H' = 0.92 ± 0.0001, P = 0.55) and cP-
Commerson's dolphins (H' = 0.923 ± 0.0031, P = 0.76785), 
although higher than TF-Commerson's dolphins (H' = 0.491 ± 
0.004, P = 4.73exp-1O) and franciscanas (H' = 0.696 ± 
4.086exp-6, P = 2.3346exp-23). Component species richness 
did not differ among hosts, except for TF-Commerson's dol-
phins (S = 3). Infracommunity diversity was similar to cP-
Commerson's dolphins (HB = 0.65), slightly higher than dusky 
dolphins (HB = 0.57), and much higher than the other dolphin 
species (TF-Commerson's dolphins HB = 0.105; franciscanas 
HB = 0.49). The mean number of species in all these hosts, 
except TF-Commerson's dolphins, was about 2.6. 
DISCUSSION 
The relatively low parasitic infections in common dolphins 
of northern Patagonia are consistent with the characteristics of 
parasite communities of other small cetaceans from the south 
Atlantic environment (Dans et al., 1999; Ber6n-Vera et aI., 
2001; Aznar et al., 2003; Fernandez et aI., 2003). Parasitolog-
ical studies on common dolphins elsewhere are restricted to 
species surveys and are more concentrated on pathological as-
pects. No community-based analysis is available from the pub-
lished literature. Some of the parasites that we found have been 
reported in these surveys. For example, A. simplex s.I., C. ce-
taceum, and B. cordiformis had been reported by Delyamure 
(1955), O. rochebruni is listed by Baylis (1932), and P. gas-
trophilus by Gibson et aI. (1998). In contrast to our results, 
dolphins from the northern hemisphere are also infected in the 
lungs, blubber (Baylis, 1932; Delyamure, 1955; Gibson et aI., 
1998), and intestines (Baylis, 1932). 
Each stomach chamber of a dolphin can be considered as a 
separate microhabitat. Parasite species may be differentially·dis~ 
tributed and select habitats either actively or passively, although 
evidence for one or the other mechanism is not available. 
Distribution of B. cordiformis in D. delphis was mainly in 
the forestomach, whereas this parasite was found mainly in the 
DA for cP-Commerson dolphins and the MS, DA, and intes-
tines for dusky dolphins (Ber6n-Vera et aI., 2001; Dans et al., 
1999). Distribution of A. simplex in tlie' anterior chamber of the 
stomach, FS, and C. cetaceum in the MS, PS, and DA was 
consistent with that of other species of dolphins from Patagonia 
(Brattey and Stenson, 1995; Aznar et aI., 2001, 2003). By far, 
the majority of C. cetaceum was found in the PS, which pro-
vides a larger space to establish and reproduce, as suggested 
by Aznar et al. (2001) for franciscanas. The sex ratio of C. 
cetaceum in common dolphins did not differ from that seen in 
other species of dolphins and is probably related to the shorter 
life span of adult males (see Aznar et aI., 2001 and references 
therein). 
Little is known about the habitat selection of P. gastrophilus 
in the stomach, but they may equally infect any portion of the 
glandular stomachs (MS, PS, or DA) of dolphins; the distri-
bution pattern is not unique and may be driven by anatomical 
features or digestive physiology (Aznar et al., 2006). Levels of 
infection of P. gastrophilus in the common dolphin are too low 
to infer a possible pattern. 
Most of the marine mammal endoparasites are transmitted 
through prey; therefore, feeding habits of hosts should always 
be considered. Common dolphins feed on mesopelagic fishes 
and squids from the deep scattering layer and epipelagic school-
ing species such as small scombrids, clupeoids, and engraulids 
(Evans, 1994). Within Argentine waters, their diet has not been 
fully analyzed yet. However, in the present study we provide 
information on prey consumption in relation to parasite trans-
mission. 
The occurrence of C. cetaceum in common dolphins in north-
ern Patagonia and its absence in hosts from southern regions 
are possibly associated with the availability of intermediate 
hosts, in addition to host-parasite specificity. In the nearby ne-
ritic area off the coast of Buenos Aires Province, they also 
infect franciscanas, but with much higher prevalence (100%) 
and mean intensities (10 times higher than in the present case) 
(Aznar et aI., 1994), which suggests that these cetaceans might 
be the required final hosts in the area. Like common dolphins, 
franciscanas feed extensively on the South American striped 
weak fish Cynoscion guatucupa and the South American long-
fin squid Loligo sanpaulensis (Rodriguez et al., 2002). The tel-
eost harbors juvenile C. cetaceum (Timi et al., 2005), so we 
may assume that the cetaceans become infected consuming this 
prey. In accordance to this latitudinal distribution of C. ceta-
ceum, we also have recently found them in a single dusky dol-
phin stranded at Golfo San Jose (north Peninsula Valdes), which 
probably had been feeding in northern areas before stranding 
(B. Ber6n-Vera, pers. obs.). In contrast, dolphins recovered in 
higher latitudes are not infected with this species (Dans et aI., 
1999). 
Even though the common dolphin is a pelagic host, the in-
fection level of A. simplex was not as high as expected. Addi-
tionally, data on the stages of maturity revealed that mainly 
larvae were present, similar to that reported in more coastal 
cetaceans, such as Commerson's dolphins from Patagonia (Be-
r6n-Vera et aI., 2001). In other sympatric cetaceans, e.g., Bur-
meister's porpoise (Phochoena spinipinnis), there is a major 
abundance of larval stages (B. Ber6n-Vera, pers. obs.). How-
ever, the opposite was found in dusky dolphins from central 
Patagonia (Dans et al., 1999). The recruitment of this species 
seems also low in the inshore waters of Buenos Aires Province 
(Argentina) (Aznar et aI., 2003). These infection levels are re-
lated to a latitudinal rather than to a longitudinal gradient (in-
shore vs. offshore) in the southwestern Atlantic, over the con-
tinental shelf. There is a latitudinal gradient in larval A. simplex 
in fish hosts, with an increase in frequencies of A. simplex in 
the Argentine anchovy and in the Argentine hake at higher lat-
itudes (Timi, 2003; Sardella and Timi, 2004). Common dol-
phins feed on Argentine anchovy and have been incidentally 
caught in northern Patagonia, where Anisakis sp. is less frequent 
in its fish hosts, and, consequently, its recruitment to final hosts 
is low. At higher latitudes, Argentine anchovies are the most 
important prey of dusky dolphins, which shows higher infection 
levels of Anisakis sp. (Dans et aI., 1999). We might consider 
the Argentine anchovy, therefore, as an important Anisakis sp. 
conduit for transmission to dusky dolphins. The Commerson's 
dolphin is also distributed in higher latitudes. However, this 
dolphin is not heavily infected with larval Anisakis sp. because 
it mostly feeds on smaller fish, e.g., juvenile Argentine hake or 
Fuegian sprat Sprattus juegensis, with lower parasite burdens. 
The life cycles of the majority of marine mammal parasites 
have not been elucidated, and even the larvae of the majority 
of them remain undetermined. Therefore, we can only speculate 
about their potential transmission routes based on prey species 
and assume that the hosts normally feed on these prey. Only in 
the case of A. simplex is this speculation supported by evidence 
of intermediate or paratenic hosts, or both. In common dol-
phins, the Argentine anchovy, the South American striped weak 
fish, and the South American longfin squid should play an im-
portant role in parasite transmission. As mentioned earlier, the 
Argentine anchovy and the South American striped weak fish 
are infected with Anisakis sp. within the study area, but both 
prevalence and mean intensities in these hosts are relatively low 
(Timi and Poulin, 2003; Timi et aI., 2005). 
According to recent findings, species-poor infracommunities 
seem common in the odontocetes off Argentina (Dans et aI., 
1999; Ber6n-Vera et aI., 2001; Aznar et al., 2003). None of the 
parasites found in our work is exclusively present in common 
dolphins. All have been previously found in other sympatric 
dolphins (Aznar et al., 1994; Dans et aI., 1999; Ber6n-Vera et 
al., 2001; Fernandez et al., 2003). In the northern region, in-
cluding Buenos Aires Province and northern Patagonia, C. ce-
taceum is shared with franciscana dolphins. In the south Atlan-
tic, 3 other species (A. simplex, B. cordiformis, and P. gastro-
philus) infect dusky and Commerson's dolphins; in the common 
dolphin, there are 2 species (A. simplex and O. rochebruni) 
common to the hourglass dolphin. The hepatopancreatic ducts 
of dusky and Commerson's dolphins had not been surveyed, so 
the absence of o. roche bruni cannot be certain. The presence 
of o. rochebruni in male common dolphins could be, and prob-
ably is, related to a sampling bias (because of the small host 
sample size) rather than to host sex specificity. 
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ISOLATES OF PLASMODIUM INUI ADAPTED TO MACACA MULATTA MONKEYS AND 
LABORATORY-REARED ANOPHELINE MOSQUITOES FOR EXPERIMENTAL STUDY 
William E. Collins*, JoAnn S. Sullivan, G. Gale Galland, Douglas Nace, Allison Williams, Tyrone Williamst, and 
John W. Barnwell 
Division of Parasitic Diseases and Animal Resources Branch, National Center for Infectious Diseases, Centers for Disease Control and 
Prevention, Atlanta, Georgia 30341. e-mail: wec1@cdc.gov 
ABSTRACT: Plasmodium lnui is a parasite of macaques and other nonhuman primates in Asia that is studied as a model for the 
human malaria parasite P. malariae. Presented here are descriptions of the isolation, passage histories into Macaca mulatta 
monkeys, and infectivity to different Anopheles spp. mosquitoes of 18 different isolates of this parasite. 
Plasmodium inui is a group of parasites that occurs in south-
ern Asia from India to the Philippines to Taiwan and from Thai-
land to the islands of Indonesia. Numerous isolates of the par-
asite have been collected in the past 60 yr, and many of them 
have been maintained for 40 or more years since their original 
isolation either by serial passage or cryopreservation. Initially, 
they were isolated because of the belief that P. inui, along with 
many other species of simian malaria parasites, may have the 
potential of being natural human pathogens. As a result of vol-
unteer studies, it was shown experimentally that P. inui (Coat-
ney et aI., 1966) along with P. cynomolgi (Eyles et aI., 1960; 
Coatney et al., 1961; Schmidt et al., 1961; Contacos et aI., 
1962), P. knowlesi (Knowles and Das Gupta, 1932; Chopra and 
Das Gupta, 1936; Ciuca, Ballif et aI., 1937; Ciuca, Tomescu, 
and Badenski, 1937; Ciuca et aI., 1955; Chin et aI., 1965, 1968), 
P. brasilianum (Contacos et aI., 1963), and P. schwetzi (Con-
tacos et al., 1970) would indeed infect humans. However, only 
1 naturally acquired infection, with P. knowlesi, was docu-
mented by parasite isolation at that time. Early studies were 
hampered by the lack of a definitive diagnostic procedure other 
than subpassage into a susceptible nonhuman primate. It was 
difficult even for expert malariologists to separate the monkey-
infecting parasite species from the human malaria parasites un-
equivocally on the basis of blood film morphology, until the 
development of currently available molecular techniques. Once 
these methods became available, it could be firmly established 
that P. knowlesi is frequently transmitted to humans in are~s of 
East Malaysia and elsewhere, where appropriate vectors, para-
site-infected monkeys, and humans interface (Singh et aI., 
2004). These infections had been diagnosed as P. malariae on 
blood film examination, but now have been diagnosed by mo-
lecular examination in up to 30% of instances as P. knowlesi. 
The same may eventually be established for other parasites, 
including P. inui. ~, / 
Plasmodium inui has a wide range of distribution both geo-
graphically and among the different species of monkeys 
throughout southeastern Asia. In fact, it is one of the most com-
monly encountered species of primate malaria parasites ob-
served. Unlike P. knowlesi, which has a restricted vector pref-
erence, P. inui is infectious to, and transmitted by, a number of 
anopheline mosquitoes that are also capable of transmitting hu-
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man malaria (Coatney et al., 1971). Thus, one would expect 
that the chances of transmission of P. inui to humans would 
approach, or even exceed, that being seen with P. knowlesi. 
Plasmodium inui was first described briefly by Halberstaedter 
and von Prowazek (1907) in the blood of M. fascicularis from 
Java and M. nemistrina monkeys from Sumatra and Borneo. 
Sinton and Mulligan (1933) discussed the group of parasites 
and in 1934, Sinton carefully redescribed P. inui. Eyles (1963), 
after careful study, subdivided the original Mulligan isolate 
from one isolated by Shortt (1961) from southern India (that 
had been given the name P. osmaniae) into 2 separate subspe-
cies, Le., P. inui inui and P. inui shortti. Because this complex 
of malaria parasites probably contains other diverse isolates of 
this species, we have used the designation Shortti OS for the 
P. inui shortti subspecies and Mulligan MU for the Mulligan 
isolate, which is considered to be the direct descendant of the 
parasite used for the description of the P. inui inui parasite by 
Sinton (1934). 
Serologic studies on blood stage parasites indicated that there 
were significant differences among many of the isolates (Collins 
et aI., 1970). Molecular studies have yet to define whether se-
rologic or other differences noted between the P. inui parasites 
that were isolated during an active collection period between 
1960 and 1970 and the 2 primary MU and OS parasites are 
such that they may warrant subspecific or even specific status. 
Limited analysis of the SSrRNA of 9 isolates of P. inui indi-
cated that they were the same species (Kessinger et al., 1998). 
Nonetheless, the various isolates of P. inui have been main-
tained and subpassaged, primarily in rhesus monkeys, with rel-
atively limited biologic studies having been undertaken. The 
interest in these parasites rests on the fact that they exhibit a 
number of characteristics in macaques that are very similar to 
P. rnalariae in humans. The parasite has a 72-hr asexual de-
velopmental cycle, as does P. malariae; the course of parasit-
emia is generally very long lasting (many months to several 
years), and is not generally life threatening. The parasite does 
not have a resting or relapsing stage in the liver; nor does P. 
malariae or P. brasilianum. This is essentially a chronic infec-
tion that persists for many years and can often produce serious 
damage to the kidneys (Aikawa et aI., 1988). Plasmodium inui 
is infectious to a variety of species of anopheline mosquitoes 
and, as noted above, is infectious to humans (Coatney et aI., 
1966, 1971). 
Descriptions of the morphology, growth, and development of 
the parasite in monkeys, humans, and mosquitoes was presented 
in the monograph on primate malarias by Coatney et al. (1971). 
Since then, there have been limited studies with these parasites. 
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Wyler et al. (1977) reported on the role of the spleen in rhesus 
monkeys infected with P. inui. Schmidt et al. (1980) detailed 
observations of 31 rhesus monkeys infected with P. inui. They 
indicated monkey-to-monkey variation in the intensity of par-
asitemia and cyclic undulations with parasitemia persisting for 
many months and even years. In some cases, death occurred. 
The majority of infections persisted for 4-6 yr. Nguyen-Dinh 
et al. (1980) were able to culture the parasite in vitro. Chin et 
al. (1983) reported on the experimental infection of squirrel 
monkeys, Saimiri sciureus, with P. inui, and Collins et al. 
(1988) observed sporozoite transmission of the as strain of P. 
inui to S. sciureus boliviensis and Aotus azarae boliviensis 
monkeys. Kamboj and Cochrane (1988) demonstrated that P. 
inui was distinct from P. malariae. Nimri and Lanners (1994) 
studied the immune complexes and nephropathies associated 
with P. inui infection in the rhesus monkey. These authors con-
cluded that their findings were consistent with those found with 
humans infected with P. malariae and that the P. inuilrhesus 
model was appropriate in this context for the study of human 
quartan malaria. Collins and Warren (1998) reported on the Tai-
wan I and the Taiwan II strains of P. inui in rhesus monkeys 
and anopheline mosquitoes. Sullivan et al. (2003) described the 
development of the exoerythrocytic stages of P. inui shortti in 
liver tissue from New World monkeys. 
Presented here is a summary of establishment of 18 different 
isolates of P. inui into M. mulatta monkeys and mosquitoes 
arranged by isolate. These results should assist in the selection 
of appropriate isolates for future studies with this parasite. Four-
teen of these isolates have been made available to the American 
Type Culture Collection; some have also been provided to the 
MR4 program of the National Institute of Allergy and Infec-
tious Diseases for Malaria Research studies. 
MATERIALS AND METHODS 
Parasites 
Parasites were obtained from naturally infected animals, naturally in-
fected mosquitoes, or through the generosity of various donors who 
provided the parasites to us for study. Once the parasites were received, 
they were maintained either by serial passage in macaque monkeys; 
primarily M. mulatta or stored frozen over liquid nitrogen. Parasites 
collected in Malaysia were subsequently shipped to the U.S. Public 
Health laboratory in Chamblee, Georgia, where they have been stored 
or passaged since isolation. 
Monkeys 
The M. mulatta monkeys were obtained commercially. All animals 
were quarantined upon arrival at the facility for at least 1 mo, weighed, 
and tested by skin test for tuberculosis. Parasitologic examination in-
dicated that the animals were free of plasmodial infection. Many of the 
animals had been previously used in other malaria-related studies and 
subsequently cured of their infections. Protocols were reviewed and 
approved by the Centers for Disease Control and Prevention Institu-
tional Animal Care and Use Committee, in accordance with procedures 
described in the U.S. Public Health Service Policy, 1986. Animals were 
housed in an AAALAC (American Association for Accreditation of 
Laboratory Animal Care International) approved facility. Daily obser-
vations of the animals' behavior, appetite, stool, and condition were 
recorded. All were treated as medical conditions arose by an attending 
veterinarian. All observations, parasite counts, and the results of labo-
ratory tests were recorded on a daily basis and entered into a comput-
erized database. 
Parasite monitoring 
Animals were inoculated intravenously with parasitized erythrocytes 
either collected fresh from other infected animals or with parasites that 
had been stored frozen. In other instances, animals were injected with 
sporozoites, either via the bites of infected mosquitoes or with sporo-
zoites that had been dissected from the salivary glands or from crushed 
oocysts. Beginning 1 day after injection of parasitized erythrocytes and 
14 days after injection of sporozoites, daily blood films were made by 
the method of Earle and Perez (1932). Parasite counts were recorded 
per microliter of blood. Infections were eventually terminated with treat-
ment with chloroquine (300 mg base given over 2 days). When parasite 
counts exceeded 10% of the erythrocytes infected, the animals were 
either treated or the infections were modified by treatment with 1, or 
more, doses of 150 mg quinine. All treatments were given by oral in-
tubation. 
Mosquitoes 
Different species of mosquitoes were fed on the isolates to determine 
those species that were susceptible to infection and those that could 
transmit the parasite via bite. The mosquitoes tested were Anopheles 
freeborni (originally from California), An. quadrimaculatus (from the 
southeastern United States), An. stephensi (from near Delhi, India), An. 
dirus (from Thailand), An. maculatus (from Malaysia), An. culicifacies 
(from India), An. albimanus (from EI Salvador), An. gambiae (from The 
Gambia), An. atroparvus (from England), and An. sundiacus (from Ma-
laysia). Mosquitoes were reared in the insectary facilities in Chamblee, 
Georgia. Mosquitoes were allowed to feed to repletion on the tranquil-
ized monkey and then were held in an incubator at 25 C until being 
examined for the presence of oocysts. Infected mosquitoes were sub-
sequently examined for sporozoites in the salivary glands. For trans-
mission, mosquitoes were allowed to feed on the tranquilized monkey. 
After feeding, the salivary glands were dissected and graded as follows: 
1+ = 1-10 sporozoites, 2+ = 11-100 sporozoites, 3+ = 101-1,000 
sporozoites, and 4+ = > 1,000 sporozoites. A sum of the grades equaled 
the challenge for the animal. In other instances, the salivary glands were 
dissected in a mixture of fetal bovine serum and saline, crushed, and 
~en injected intravenously into the monkey. Thus, all the sporozoites 
present in the salivary glands became the challenge inoculum. In mos-
quitoes such as An. freeborni and An. quadrimaculatus in which spo-
rozoites seldom, if ever, appeared in the salivary glands, the oocysts 
were crushed and sporozoites from the oocysts were used as the chal-
lenge. 
RESULTS 
Origins 
Eighteen different isolates of P. inui have been studied in M. 
mulatta monkeys and different species of Anopheles. The ori-
gins of the particular isolates are presented as best as we can 
determine (summarized in Table I). Transmission via sporozo-
ites has been attempted to other macaques with some of the 
isolates either via the bite of infected mosquitoes or by inocu-
lation of sporozoites dissected from infected mosquitoes. Pre-
sented are the different isolates, their origins, the adaptation to 
M. mulatta monkeys, and their infectivity to different mosqui-
toes. 
Mulligan (MU) 
The initial studies with P. inui were with the Mulligan (MU) 
isolate. It is believed that this particular isolate is the original 
one obtained from M. fascicularis by Col. H. W. Mulligan and 
maintained at the Malaria Institute of India. Because of this 
background and because this is probably the original strain of 
P. inui studied, it is known in our laboratory as the Mulligan 
strain. We consider it to be P. inui inui or the lectotype for the 
species and subspecies as published by Eyles (1963). This iso-
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TABLE 1. Year of isolation, animal or mosquito as source of isolation, country of origin, and number of passages in Macaca mulatta monkeys 
either via the injection of parasitized erythrocytes (Blood) or via the injection of sporozoites (Sporo.). 
Isolate Date Source of isolate Country of origin Blood Sporo. 
Mulligan (MU)*t Pre-1934 M. fascicularis Malaysia 56 
Shortti (OS) * 1961 M. radiate Southern India 40 
Taiwan 1* 1963 M. cyclopis Taiwan 15 
Leucosphyrus * t 1964 An. leucosphyrus Malaysia 20 
21 
16 
3 
9 
o 
o 
Leaf Monkey I*t 1962 P. cristatus 
Perlis*t 1964 M. fascicularis 
Perak*'I- 1963 M. nemestrina 
Celebes 1* 1962 M. nigra 
Hackerit 1961 An. hackeri 
Philippinet 1960 M. fascicularis 
N-34t 1960 M. nemestrina 
Leaf Monkey lIt 1964 P. obscurus 
Walter Reed 1965 M. fascicularis 
Taiwan lIt 1964 M. cyclopis 
Celebes lIt 1968 M. nigra 
CDC-i 1964 M. fascicularis 
CINUIt 1962 M. fascicularis 
HAWKINGt 1970 M. arctoides 
* Deposited with MR4. 
t Available from ATCC Protistology Collection. 
late was acquired in Kuala Lumpur, Malaysia, from the Malaria 
Institute of India in New Delhi on 28 June 1963. The line was 
eventually transferred to the Chamblee laboratory and has been 
passaged or maintained frozen since then. In our hands, this 
parasite has been passaged into 77 rhesus monkeys. Fifty-six 
of these infections have been induced by the injection of par-
asitized erythrocytes, and 21 by sporozoites. In the intact ani-
mal, maximum parasite counts varied considerably. Following 
blood-induced infection in 25 monkeys, the maximum parasite 
count ranged from 4,976 to 197,370//-!.,1, with a median maxi-
mum parasite count of 44,900/fLi. Following sporozoite-induced 
infection of 21 monkeys, the maximum parasite count ranged 
from 155 to 80,000/fLI, with a median of 9,450/fLl. This sug-
gested that sporozoite-induced infections resulted in lower in-
tensity parasitemias. When the animals were subsequently -sple-
nectomized, the parasite counts rapidly rose to very high den-
sities that ranged in 29 of these animals from 113,000 to 
2,360,000/fLI. Although the animals were able to tolerate such 
high-density parasite counts and eventually recovered on their 
own, in most cases, the animals were treated with quinine or 
were cured of their infections. In monkeys that were splenec-
tomized before being infected, the'maximum parasite count 
ranged from 166,410 to 2,040,000/fLi. It was apparent that in 
the intact animal, infections were relatively mild, whereas in 
the splenectomized animal, the parasite counts reached ex-
tremely high levels. Thirty-two monkeys were fed upon by 
mosquitoes on 229 occasions. Anopheles maculatus, An. ste-
phensi, An. freeborni, An. dirus, An. quadrimaculatus, An. cul-
ic(facies, and An. albimanus were infected. Transmission was 
obtained on 21 occasions with sporozoites from An. dirus, An. 
maculatus, and An. stephensi. Sporozoites were not seen in the 
salivary glands of An. freeborn or An. quadrimaculatus, even 
though the oocyst counts were high. The intensity of the sali-
vary gland infections in An. culicifacies mosquitoes was low 
and no transmissions were attempted. The intensity of oocyst 
Malaysia 
Malaysia 
Malaysia 
Sulawesi 
Malaysia 
Philippines 
Malaysia 
Malaysia 
Malaysia 
Taiwan 
Sulawesi 
Philippines 
Philippines 
Indonesia? 
24 
9 
8 
12 
l3 
10 
24 
8 
6 
13 
6 
7 
10 
5 
o 
3 
o 
2 
o 
o 
2 
3 
o 
infection in An. albimanus mosquitoes was very low (seldom 
greater than 1 oocyst per gut) and sporozoites were never ob-
served in the salivary glands. 
Shortti (OS) 
The Shortti (OS) isolate was originally isolated from a M. 
radiata monkey in southern India (Shortt et aI., 1961). It was 
obtained through the courtesy of Professor P. C. C. Garnham. 
The parasite had been through a number of passages (exact 
number unknown) in rhesus monkeys. Eyles had discussed the 
taxonomic status of this parasite and designated it as P. inui 
shortti. The parasite was obtained in 1962 and has been sub-
sequently passaged into 56 rhesus monkeys, 40 by the injection 
of parasitized erythrocytes and 16 via sporozoites. This parasite 
has been of interest because it was repeatedly transmitted to 
humans (Coatney et aI., 1966). The parasite was passaged to 
30 intact monkeys; maximum parasite counts ranged from 
8,385 to 1,172,000/fLI, with a median of 159,058/fLi. When 7 
of these animals were subsequently splenectomized, the maxi-
mum parasite counts ranged from 267,000 to 1,320,000/fLi. 
Twenty monkeys that had been splenectomized before infection 
had maximum parasite counts that ranged from 96,000 to 
2,680,000/fLI, with a median of 760,000/fLI. Thirty-one monkeys 
were fed upon by mosquitoes on 227 occasions. Anopheles di-
rus, An. maculatus, An. stephensi, An. gambiae, An. culicifa-
cies, An. freeborni, and An. quadrimaculatus were infected. 
Anopheles albimanus were not infected when the other species 
were heavily infected. There were 16 transmissions with spo-
rozoites from An. maculatus, An. stephensi, and An. dirus mos-
quitoes. 
Taiwan I 
The Taiwan I isolate was obtained through the facilities of 
the Naval Medical Research Unit No.3 in Taipei, Taiwan. Fresh 
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parasitized blood from a naturally infected M. cyclopis monkey 
(FP-17) on the island was sent by air to Kuala Lumpur in Au-
gust 1963. Blood was then injected into a malaria-free rhesus 
monkey. The parasite has been passaged into 18 rhesus mon-
keys, 15 by the injection of parasitized erythrocytes and 3 times 
via sporozoites. The maximum primary parasite count was 
199,900/f,Ll; however, after several months of parasitemia, the 
parasite count for this monkey eventually rose to 601,613/f,L1. 
The 16 intact monkeys infected with the Taiwan I isolate had 
a median maximum parasite count of 155,500/f,L1. When 4 of 
these animals were subsequently splenectomized, the maximum 
parasite counts ranged from 160,000 to 2,280,000/f,Ll. The max-
imum parasite counts for the 2 splenectomized monkeys that 
were inoculated were 222,000 and 1, I 16,000/f,Ll. Nine monkeys 
were fed upon by mosquitoes on 88 occasions. Anopheles ma-
culatus, An. dirus, An. stephensi, An. farauti, An. freeborni, and 
An, quadrimaculatus were all infected. Three monkeys were 
infected with sporozoites from An. maculatus and An. dirus 
mosquitoes. 
Leucosphyrus 
The Leucosphyrus isolate was isolated from a naturally in-
fected An. leucosphyrus mosquito collected in the state of Negri 
Sembilan, West Malaysia. Sporozoites from this mosquito were 
inoculated into a malaria-free M. mulatta monkey on 22 May 
1964. This strain of parasite has been passaged into 29 rhesus 
monkeys. The passages were performed 20 times with parasit-
ized erythrocytes and 9 times via sporozoites. The initial pas-
sage via sporozites resulted in a maximum parasite count of 
15,125/f,Ll. The maximum parasite count increased slowly fol-
lowing each successive passage. The parasite has been passaged 
to 21 intact animals with maximum parasite counts that ranged 
from 1,650 to 960,000/f,Ll, with a median of 80,000/f,Ll. Five of 
these animals were subsequently splenectomized and the max-
imum parasite counts ranged from 148,000 and 1,920,000/f,Ll. 
Eight monkeys were splenectomized before infection. Maxi-
mum parasite counts ranged from 388,900 to 1,640,000/f,Ll. The 
initial monkey that was infected with sporozoites from the wild 
caught An. leucosphyrus mosquito had a prepatent period of 18 
days. Fifteen monkeys were fed upon by mosquitoes on' 81 
occasions. Anopheles dirus, An, maculatus, An. stephensi, An. 
culicifacies, An. gambiae, An. freeborni, and An. quadrimacu-
latus mosquitoes were infected. Seven monkeys were infected 
with sporozoites from An. maculatus and An. stephensi mos-
quitoes. 
. ' 
Leaf Monkey I 
The Leaf Monkey I isolate was obtained from a naturally 
infected Presbytes cristatus monkey (0-57) trapped on 29 June 
1962 at Kuala Selangor in the State of Selangor on the west 
coast of West Malaysia. The parasite has been passaged into 24 
rhesus monkeys, all by the injection of parasitized erythrocytes. 
This parasite has rarely produced high-density parasite counts 
in spleen-intact rhesus monkeys. The initial maximum parasite 
count was 22/f,L1. Passage to 14 intact animals resulted in max-
imum counts ranging from 39 to 225,367/f,Ll; 11 of these were 
<2,840/f,Ll. Following splenectomy, maximum parasite counts 
ranged from 360,000 to 2,440,000/f,Ll. Monkeys splenectomized 
prior to infection had maximum parasite counts ranging from 
168,000 to 1,800,000/f,Ll. Eight monkeys were fed upon by mos-
quitoes on 16 occasions, Anopheles dirus, An. stephensi, An. 
maculatus, and An. freeborni were infected. 
Perlis 
The Perlis isolate came from a young male M. fascicularis 
monkey (M-0498) trapped in Kampong Titi Tinggi in Perlis 
State, West Malaysia, in 1964. The parasite has been passaged 
into 9 rhesus monkeys by injection of parasitized erythrocytes. 
The initial maximum parasite count was 40,000/f,Ll. Subsequent 
maximum parasite counts ranged from 114,552 to 960,000/f,Ll. 
In 2 splenectomized monkeys, the maximum parasite counts 
were 440,000 and 800,000/f,Ll. Two monkeys were subsequently 
splenectomized after initial maximum parasite counts of 
114,552 and 920,000/f,Ll, with resulting maximum parasite 
counts being 1,400,000 and 2,680,000/f,Ll, respectively. Three 
monkeys were fed upon by mosquitoes on 39 occasions with 
An. maculatus, An. dirus, An. freeborni, An. stephensi, An. cul-
icifacies, An. quadrimaculatus, and An, gambiae all becoming 
heavily infected. No attempts were made to transmit this par-
asite via sporozoites. 
Perak 
The Perak isolate was obtained from a naturally infected M. 
nemestrina monkey (N-0125) acquired 26 October 1963, The 
records are confused as to the exact source of this animal. The 
monkey was acquired through an animal dealer in Kuala Lum-
pur, and the trapping area from which he acquired the M. ne-
mestrina monkeys included parts of northeastern Selangor and 
southeastern Perak. The parasite has been passaged into 9 rhe-
sus monkeys, once by sporozoites and the rest by parasitized 
erythrocytes. The initial maximum parasite count was 61,8341 
f,Ll. Subsequent maximum parasite counts ranged from 8,664 to 
174,924/f,L1. In 5 monkeys subsequently splenectomized, the 
maximum parasite counts peaked between 160,218 and 
2,280,000/f,Ll. One monkey that was splenectomized before in-
fection had a maximum parasite count of only 15,996/f,Ll. In 
addition to previous infection with the Leaf Monkey I strain of 
P. inui, this monkey had been infected with P. cynomolgi and 
P. fragile. These previous infections might have prevented the 
development of high-density parasitemia in this splenectomized 
animal, but this notion is of doubtful validity, Anopheles ma-
culatus, An. freeborni, An. stephensi, and An. quadrimaculatus 
that fed upon 7 monkeys on 27 occasions were infected. A 
single sporozoite transmission was made with An. dirus mos-
quitoes. 
Celebes I 
The Celebes I isolate was obtained from a naturally infected 
M. nigra monkey (D-l) from a dealer in Singapore. The animal 
was originally from Sulawesi (Eyles and Warren, 1962). The 
parasite has been passaged into 13 rhesus monkeys, 12 by the 
injection of parasitized erythrocytes and 1 via sporozoites. The 
primary maximum parasite counts for the first 2 animals in-
fected from monkey D-l were 4,950 and 1O,4211f,Ll. Subsequent 
passage to 5 intact monkeys resulted in maximum parasite 
counts ranging from 2,475 to 29,412/f,Ll, which indicated that 
this parasite did not adapt well to the intact rhesus monkey. 
However, following splenectomy, the maximum parasite count 
rose in 1 animal to 1,000,000/,.JJ. Passage to 4 splenectomized 
monkeys resulted in maximum parasite counts ranging from 
469,044 to 1,920,0001,),,1. In 1 splenectomized animal that had 
been previously infected twice with 2 other isolates of P. inui 
before being infected with the Celebes I isolate, the maximum 
parasite count was 249,984/,.JJ. A spleen-intact monkey resulted 
in a maximum parasite count of 1,240,000/J.,d. Eleven monkeys 
fed upon by mosquitoes on 132 occasions produced infections 
in An. dirus and An. freeborni. One monkey was infected with 
sporozoites from An. dirus. 
Hackeri 
The Hackeri isolate was isolated into a M. mulatta monkey 
from a naturally infected An. hackeri mosquito collected at 
Rantan Panjang, West Malaysia, on 21 December 1961. The 
parasite has been passaged into 14 rhesus monkeys, 13 by par-
asitized erythrocytes and once via sporozoites. The primary 
maximum parasite count was 20,077/fLl. The maximum parasite 
counts in 11 intact rhesus monkeys ranged from 6,950 to 
280,000/fLI, with a median of 29,400/fLl. When 5 of these ani-
mals were splenectomized, the maximum parasite count ranged 
from 840,000 to 1,600,000/fLl. The maximum parasite counts 
for the 2 splenectomized monkeys that were inoculated were 
840,000 and 854,000/fLl. Six monkeys were fed upon by mos-
quitoes on 35 occasions and An. maculatus, An. dirus, An. ste-
phensi, An. culicifacies, An. freeborni, and An. gambiae were 
infected. One monkey was infected via sporozoites from An. 
maculatus. 
Philippine 
The Philippine isolate was obtained from a naturally infected 
M. fascicularis (16/42) monkey captured in 1960 from which 
blood was frozen. The blood was sent to Kuala Lumpur on 9 
March 1962 through the courtesy of Dr. Frederick Dunn. The 
parasite has subsequently been passaged by the injection of par-
asitized erythrocytes into 10 rhesus monkeys. The primary 
maximum parasite count for the first animal was 240,000/fLl. 
The maximum parasite count in 7 intact rhesus monkeys ranged 
from 12,574 to 1,240,000/fLl, with a median of 97,525/fLl. Pas-
sage to 2 splenectomized monkeys resulted in maximum para-
site counts of 640,000 and 1,320,000/fLl. One additional sple-
nectomized animal that had been previously infected with the 
Hackeri isolate of P. inui was injected with the Philippine iso-
late; the maximum parasite count was 600,000/fLl. Twelve mon-
keys were fed upon by mosquitoes' on 55 occasions and 3 
anopheline species, i.e., An. maculatus, An. stephensi, and An. 
freeborni, were susceptible to infection. No attempts were made 
to transmit this parasite via sporozoites. 
N-34 
The N-34 isolate was obtained from a naturally infected M. 
nemestrina (N-34) purchased in Kuala Lumpur 19 September 
1960. Although there is no direct information as to the exact 
locale from which the animal was obtained, this particular deal-
er did all of his trapping in the foothills of the main range of 
central West Malaysia in the States of Selangor, Perak, and 
Negri Sembilan. The parasite has been passaged into 27 rhesus 
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monkeys, 24 by the injection of parasitized erythrocytes, and 3 
times via sporozoites. The parasite was passaged to 8 intact 
animals; the maximum parasite counts ranged from 3,710 to 
905,200/fLl, with a median of 48,947/fLl. Two of these animals 
were subsequently splenectomized, and the maximum parasite 
counts were 1,000,000 and 1,080,000/fLl. Nineteen monkeys 
were splenectomized before infection and maximum parasite 
counts ranged from 61,008 to 1,960,000/fLl, with a median of 
660,000/fLl. Nineteen monkeys were fed upon by mosquitoes 
on 214 occasions. Anopheles dirus, An. maculatus, An. free-
borni, An. sundaicus, An. stephensi, and An. gambiae were in-
fected, with the first 4 often very heavily infected. Anopheles 
albimanus mosquitoes were fed frequently, but did not become 
infected. One monkey was infected with sporozoites from An. 
freeborni mosquitoes. Another 2 monkeys were infected fol-
lowing the injection of sporozoites derived from midgut 00-
cysts/bodies of An. quadrimaculatus mosquitoes. 
Leaf Monkey II 
The Leaf Monkey II isolate was obtained from a naturally 
infected P. obscurus (0-93) monkey trapped at Kampong Titi 
Tinggi in Pedis State, West Malaysia, and acquired on 27 June 
1964. The parasite has been passaged into 8 rhesus monkeys, 
with only parasitized erythrocytes used. The primary maximum 
parasite counts for the first 2 animals infected from monkey 0-
93 were 805 and 4,339/fLl. However, subsequent passage to 5 
splenectomized monkeys resulted in maximum parasite counts 
ranging from 400,000 to 1,240,000/fLl. Passage to a single intact 
monkey resulted in a maximum parasite count of 1,240,000/fLl. 
This is in sharp contrast with the Leaf Monkey I isolate that 
was extremely slow in adapting to develop high-density parasite 
counts in intact rhesus monkeys. Five monkeys were fed upon 
by infected An. dirus, An. stephensi, and An. maculatus a total 
of 29 occasions. No attempts were made to transmit this para-
site via sporozoites. 
Walter Reed 
The Walter Reed isolate was obtained by the Armed Forces 
Institute of Pathology from a dealer in the United States and 
was sent to us through the courtesy of Dr. Donald Price. The 
origin of the animal is uncertain, but was probably Singapore, 
suggesting strongly that the animal had originated in southern 
Malaysia (lahore State) or from nearby islands of Indonesia. 
Identification of the parasite was made in the United States in 
the summer of 1965. In our laboratory, it has been passaged 
into 8 rhesus monkeys, 6 by the injection of parasitized eryth-
rocytes and 2 via sporozoites. The parasite was passaged to 5 
intact animals; the maximum parasite counts ranged from 
120,000 to 480,000/fLl. These animals were subsequently sple-
nectomized, and the maximum parasite counts ranged from 
720,000 to 1,800,000/fLl. One monkey that had been previously 
infected with the Celebes II isolate was infected with the Walter 
Reed isolate, producing a maximum parasite count of 51,522/ 
fLl. Two splenectomized monkeys were infected with the Walter 
Reed isolate, and the maximum parasite counts were 960,000 
and 1,360,000/fLl. Mosquitoes fed upon 5 monkeys on 23 dif-
ferent occasions and An. dirus, An. maculatus, An. freeborni, 
An. stephensi, and An. quadrimaculatus became infected. Two 
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monkeys were infected with sporozoites from An. dirus and An. 
stephensi mosquitoes. 
Taiwan II 
Like the Taiwan I isolate, the Taiwan II isolate was obtained 
from a naturally infected M. cyclopis monkey (FP-232) cap-
tured on the island of Taiwan in 1963. The parasite has been 
passaged by the injection of parasitized erythrocytes into 13 
rhesus monkeys with primary maximum parasite counts reach-
ing 40,882/1),,1. The 4 intact monkeys infected with the Taiwan 
II isolate had maximum parasite counts of 40,882, 96,750, 
186,372, and 223,685/j-L1. and when the latter was subsequently 
splenectomized, the maximum parasite counts rose to 
2,232,0001j-L1. The maximum parasite counts for 8 monkeys that 
were inoculated after splenectomy ranged from 720,000 and 
1 ,960,0001j-L1 with a median of 970,0001j-L1. One additional sple-
nectomized animal that had been previously infected with the 
CINUI strain of P. inui was inoculated with the Taiwan II iso-
late and the maximum parasite count was 242,8001j-L1. Anoph-
eles dirus, An. maculatus, An. freeborni, An. stephensi, An. 
quadrimaculatus, and An. gambiae were infected, often at very 
high density when 6 monkeys were fed upon by mosquitoes on 
104 occasions. Transmission was obtained on 2 occasions via 
the bites of An. dirus mosquitoes. 
Celebes II 
The Celebes II isolate was obtained from a naturally infected 
M. nigra monkey residing in the National Zoo in Washington, 
D.C., in 1968. The parasite has been passaged into 6 rhesus 
monkeys by the injection of parasitized erythrocytes. The pri-
mary maximum parasite count in the first passage was 6,9651 
j-LI, though when this animal was subsequently splenectomized, 
the parasite count rose to 400,0001j-L1. Passage to 2 additional 
intact animals resulted in maximum parasite counts of 9,114 
and 169,332/j-L1. Passage to 3 splenectomized monkeys resulted 
in maximum parasite counts ranging from 400,000 to 
2,400,0001j-Ll. No attempts were made to transmit this parasite 
via sporozoites. However, 3 monkeys were able to infect An. 
dirus, An. freeborni, An. culicifacies, An. maculatus, An. ste-
phensi, and An. gambiae mosquitoes. 
CDC 
The CDC isolate was obtained from a naturally infected M. 
fasciculatus monkey (M-1l4) imported to the United States 
from the Philippines in 1964. The parasite was subsequently 
passaged to 9 rhesus monkeys, 7 by parasitized erythrocytes 
and 2 via sporozoites. The maximum primary parasite count 
was 45,1501j-L1. Six intact monkeys infected with the CDC iso-
late had parasite counts that ranged from 20,900 to 133,9001j-L1. 
When 2 of these were subsequently splenectomized, the maxi-
mum parasite counts rose to 760,000 and 880,0001j-Ll. The max-
imum parasite counts for the 3 splenectomized monkeys that 
were inoculated ranged from 343,656 to 851 ,4001j-L1. Two mon-
keys were fed upon by mosquitoes on 29 occasions with An. 
stephensi, An. freeborni, An. maculatus, and An. atroparvus be-
coming infected. Four monkeys were infected with sporozoites 
from An. freeborni and An. maculatus mosquitoes. 
CINUI 
The CINUI isolate was obtained from aM. fascicularis orig-
inally thought to be infected with P. coatneyi in the Philippines 
in 1962. Subsequent examination revealed that the parasite was 
P. inui. The isolate has been passaged into 13 rhesus monkeys, 
10 by the injection of parasitized erythrocytes and 3 via spo-
rozoites. The parasite has been used to infect 11 intact animals, 
producing maximum parasite counts that ranged from 7,605 to 
334,8001j-L1. Five intact animals that were subsequently splenec-
tomized had maximum parasite counts ranging from 600,000 to 
2,400,0001j-Ll. One monkey that had been previously infected 
with the P. inui shortti (OS isolate) had a maximum parasite 
count of 40,0001j-L1 following splenectomy. Two monkeys were 
splenectomized before infection. One animal had a maximum 
parasite count of 1,400,0001j-LI, while the other, which had been 
previously infected with the Taiwan II strain, had a maximum 
parasite count of 501,5501j-Ll. Four monkeys infected with this 
strain and fed upon by mosquitoes on 59 occasions readily in-
fected An. dirus, An. maculatus, An. stephensi, An. freeborni, 
and An. quadrimaculatus. Anopheles albimanus were lightly in-
fected on only 4 of the 35 times it was fed. Three monkeys 
were infected with sporozoites from An. maculatus and An. di-
rus mosquitoes. 
Hawking 
The Hawking isolate was obtained from a M. arctoides mon-
key housed at the Delta Regional Primate Research Center in 
Covington, Louisiana, and provided to us by Dr. David Hawk-
ing. The exact origin of the animal is uncertain, but it may have 
been imported from Indonesia. The isolate has been passaged 
into 5 splenectomized rhesus monkeys. Maximum parasite 
counts ranged from 440,000 to 640,0001j-Ll. Two monkeys fed 
upon by mosquitoes on 13 occasions readily infected An. dirus. 
No transmissions were attempted. 
Sporozoite transmissions 
There was a total of 62 sporozoite-induced transmissions (Ta-
ble II), 30 via the bites of An. dirus, 3 via the bites of An. 
maculatus, and 6 via the bites of An. stephensi. In addition, 
there were 23 transmissions by the injection of sporozoites dis-
sected from An. freeborni (3), An. quadrimaculatus (2), An. 
dirus (2), An. maculatus (14), and An. stephensi (2). Interest-
ingly, An. freeborni and An. quadrimaculatus failed to produce 
any high concentrations of sporozoites in the salivary glands, 
whereas the other 3 species did. 
DISCUSSION 
In total, 348 rhesus macaque monkeys were infected with the 
18 isolates of P. inui, 286 via the injection of parasitized eryth-
rocytes and 62 via the injection of sporozoites. In general, 
spleen-intact animals were able to control the infections without 
drug intervention. However, once the spleen was removed, par-
asite counts often reached levels of 10%, or higher. At that 
point, drug intervention was often necessary to ensure the an-
imal's survival. All isolates responded to, and were cured by, 
treatment with 300 mg (base) of chloroquine. 
Molecular studies have indicated that P. inui is distinct from 
P. malariae and that P. brasilianum, the quartan malaria para-
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TABLE II. Summary of 62 transmissions via sporozoites to Macaca mulatta monkeys of different isolates of Plasmodium inui. 
Prepatent 
Isolate Monkey Vector mosquito Dose* (No.) Route period Source 
Mulligan T-0919 An. dirus 5 (20+) Bites 14 days 
Mulligan T-0920 An. dirus 4 (16+) Bites 14 days 
Mulligan T-0944 An. dirus 5 (20+) Bites 14 days 
Mulligan T-098 I An. dirus 4 (16+) Bites 15 days 
Mulligan T-0979 An. dirus 4 (16+) Bites 15 days 
Mulligan T-0572 An. dirus 2 (8+) Bites 16 days 
Mulligan X-0031 An. dirus 4(16+) Bites 16 days 
Mulligan T-092 I An. dirus 4 (16+) Bites 16 days 
Mulligan T-0973 An. dirus 4 (16+) Bites 16 days 
Mulligan T-0980 An. dirus 4 (16+) Bites 16 days 
Mulligan T-0954 An. dirus 3 (12+) Bites 17 days 
Mulligan T-0568 An. dirus 3 (12+) Bites 17 days 
Mulligan T-0319 An. dirus 6 (24+) Bites 18 days 
Mulligan T-0575 An. dirus 3 (12+) Bites 20 days 
Mulligan T-0983 An. dirus 4 (16+) Bites 22 days 
Mulligan T-0982 An. dirus 4 (16+) Bites 34 days 
Mulligan T-0176 An. maculatus 10 (40+) Bites 21 days 
Mulligan T-0250 An. stephensi 18 (72+) Bites 26 days 
Mulligan X-0311 An. dirus 16 IV 10 days Glands 
Mulligan R-8929 An. dirus 2.0 X 105 IV 26 days 
Shortti T-029 I An. dirus 6 (24+) Bites 12 days 
Shortti T-0778 An. dirus 4 (16+) Bites 13 days 
Shortti X-0327 An. dirus 10 (40+) Bites 13 days 
Shortti T-0316 An. dirus 3 (12+) Bites 14 days 
Shortti T-0356 An. dirus 6 (24+) Bites 14 days 
Shortti T-0880 An. dirus 4 (16+) Bites 15 days 
Shortti T-0796 An. dirus 4 (16+) Bites 17 days 
Shortti T-0308 An. dirus 6 (24+) Bites 28 days 
Shortti T-0202 An. maculatus 10 (40+) Bites II days 
Shortti R-0454 An. stephensi 7 (27+) Bites 14 days 
Shortti T-0083 An. stephensi 3 (12+) Bites 17 days 
Shortti R-0337 An. maculatus 90 (77+) IV 40 days Glands 
Shortti T-0139 An. maculatus 17 (68+) IV II days Glands 
Shortti T-0180 An. maculatus 30 (77) IH 10 days Glands 
Shortti T-0028 An. stephensi 6 (77) IH 16 days Guts 
Shortti T-0174 An. stephensi 2 (8+) IH 17 days Glands 
Taiwan I T-0278 An. dirus 9 (36+) Bites 12 days 
Taiwan I R-0413 An. maculatus 10 (40+) IV 16 days Glands 
Taiwan I R-064 I An. maculatus 20 (77) IV 20 days Guts 
Leucosphyrus T-0073 An. maculatus 4 (16+) Bites 18 days 
Leucosphyrus T-0193 An. stephensi 5 (19+) Bites 13 days 
Leucosphyrus T-0008 An. maculatus 4 (16+) IH 9 days Glands 
Leucosphyrus T-0050 An. maculatus 4 (16+) IH 10 days Glands 
Leucosphyrus T-0045 An. maculatus 5 (20+) IH II days Glands 
Leucosphyrus T-0012 An. maculatus 4 (16+) IH 12 days Glands 
Leucosphyrus T-0147 An. maculatus 13 (52+) IH 13 days Glands 
Leucosphyrus R-0414 An. maculatus 77 IH 20 days Glands 
Celebes I T-0360 An. dirus 3 (12+) Bites 36 days 
Hackeri T-0668 An. maculatus 9 (77) IV 16 days Guts 
N-34 X-0403 An. quadrimaculatus 72(77) IV 23 days Glands 
N-34 X-0747 • 'An. quadrimaculatus 36 (??) IV 31 days Guts 
N-34 Z-0855 An. freeborni 12 (??) IV 25 days Guts 
Walter Reed T-0323 An. dirus 2 (8+) Bites 16 days 
Walter Reed T-0828 An. stephensi 9 (36+) Bites 16 days 
Walter Reed T-0329 An. stephensi 9 (36+) Bites 16 days 
Taiwan II T-0462 An. dirus 5 (20+) Bites 10 days 
Taiwan II T-0461 An. dirus 11 (44+) Bites 10 days 
CDC T-OOlI An. freeborni 7 IH 12 days Guts 
CDC T-0035 An. freeborni 19 IH 15 days Guts 
CINUI T-0463 An. dirus 8 (30+) Bites 21 days 
CINUI T-0058 An. maculatus 22 IH 16 days Guts 
CINUI T-0059 An. maculatus 6 IH 20 days Guts 
* No. = number of mosquitoes and dose is the sum of the gland ratings if known. The source for intravenous (IV) and intrahepatic (IH) inoculations were sporozoites 
from dissected infected salivary glands or sporozoites from dissected midguts of infected mosquitoes. In several instances, the exact number of mosquitoes used or 
the intensity of the salivary gland infection or the number of oocysts on the guts was not recorded. 
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site found in South American monkeys, is essentially identical 
to P. malariae (Kamboj and Cochrane, 1988; Kessinger et al., 
1998; Ayala et aI., 1999). It is believed that P. brasilianum is 
an adaptation of P. malariae to New World monkeys following 
the colonization of the western hemisphere and subsequent in-
troduction of P. malariae by humans. Furthermore, sequence 
analysis of the SSrRNA gene of 9 isolates of P. inui indicated 
they all fall into a single species and do not constitute subspe-
cies clades. The biologic similarity in the life cycle of P. inui 
to that of P. malariae and its ability to develop and persist in 
the rhesus monkey, which is not its natural host, makes it an 
excellent model for the study of those events that occur when 
humans are infected with P. malariae. In addition, a wide range 
of vectors are available for the different isolates, chief among 
them being An. stephensi, An. maculatus, and An. dirus. Al-
though the latter 2 have required force mating for continuous 
maintenance in the insectary, this is a standard practice in many 
facilities. In contrast, long-term studies with P. malariae in 
New World monkeys have been difficult to maintain, and trans-
mission via sporozoites has not been accomplished on a pre-
dictable basis, except with the naturally adapted P. brasilianum 
lines. 
Reported here are the isolation and passage backgrounds for 
the 18 isolates of P. inui that have been adapted to study in the 
laboratory and made available through the American Type Cul-
ture Collection as model parasites for investigations on this 
quartan malaria complex of monkeys. 
ACKNOWLEDGMENTS 
The authors thank the staff of the Animal Resources Branch, the 
National Center for Infectious Diseases, for the care of the animals. The 
findings and conclusions in this report are those of the authors and do 
not necessarily represent the views of the Centers for Disease Control 
and Prevention. This study was supported in part by Interagency Agree-
ment 936-3100-AA6-P-00-0006-07 between the United States Agency 
for International Development and the Centers for Disease Control and 
Prevention. 
LITERATURE CITED 
ArKAWA, M., J. R BRODERSON, I. IGARASm, G. JACOBS, M. PAPPAIOANOU, 
W. E. COLLINS, AND C. C. CAMPBELL. 1988. An atlas of renal"dis-
ease in Aotus monkeys with experimental plasmodial infection. 
American Institute of Biological Sciences, Washington, DC, 97 p. 
AYALA, F. J., A. A. ESCALANTE, AND S. M. RICH. 1999. Evolution of 
Plasmodium and the recent origin of the world populations of Plas-
modiumfalciparum. Parassitologia (Rome) 41: 55-68. 
CmN, W., C. C. CAMPBELL, W. E. COLLINS, AND J. M. ROBERTS. 1983 . 
Plasmodium inui and Babesia microti infections in the squirrel 
monkey, Saimiri sciureus. American Journal of Tropical Medicine 
and Hygiene 32: 691-693. 
---, P. G. CONTACOS, G. R. COATNEY, AND H. R KIMBALL. 1965. A 
naturally acquired quotidian-type malaria in man transferable to 
monkeys. Science 149: 865. 
---, ---, W. E. COLLINS, M. H. JETER, AND E. ALBERT. 1968. 
Experimental mosquito transmission of Plasmodium knowlesi to 
man and monkey. American Journal of Tropical Medicine and Hy-
giene 17: 355-358. 
CHOPRA, R N., AND B. M. DAS GUPTA. 1936. A preliminary note on 
the treatment of neuron-syphilis with monkey malaria. Indian Med-
ical Gazette 71: 187-188. 
CIUCA, M., L. L. BALLIF, M. CHELARESCU, M. LAVRINENKO, AND E. ZOT-
TA. 1937. Contributions a l'action pathogene de PI knowlesi pour 
l'homme (considerations sur de l'immunite naturelle et l'immunite 
acquise contre cette espece de parasite). Bulletin de la Societe de 
Pathologie Exotique 30: 305-315. 
---, M. CHELARESCU, A. SOFLETEA, P. CONSTANTINESCU, E. TERI-
TEANU, P. CORTEZ, G. BALANovscm, AND M. ILlES. 1955. Contri-
bution experimentale a l'etude de l'immunite dans Ie paludisme. 
Editions Acadamie Republic Populare Roumaine, Bucharest, Ro-
mania, 108 p. 
---, P. TOMESCU, AND G. BADENSKI. 1937. Contribution a l'etude de 
la virulence du PI. knowlesi chez l'homme. Characteres de la ma-
ladie et biologie du parasite. Archives Roumaines de Pathologie 
Experimentale et de Microbiologie 10: 5-28. 
COATNEY, G. R, W. CHIN, P. G. CONTACOS, AND H. K KING. 1966. 
Plasmodium inui, a quartan-type malaria parasite of Old World 
monkeys transmissible to man. Journal of Parasitology 52: 660-
663. 
---, W. E. COLLINS, M. WARREN, AND P. G. CONTACOS. 1971. The 
primate malarias. U.S. Government Printing Office, Washington, 
DC, 366 p. 
---, H. A. ELDER, P. G. CONTACOS, M. E. GETZ, R GREENLAND, R 
N. ROSSAN, AND L. H. SCHMIDT. 1961. Transmission of the M strain 
of Plasmodium cynomolgi to man. American Journal of Tropical 
Medicine and Hygiene 10: 673-678. 
COLLINS, W. E., J. C. SKINNER, V. FILIPSKI, C. WILSON, J. R BRODERSON, 
AND P. S. STANFILL. 1988. Transmission of the OS strain of Plas-
modium inui to Saimiri sciureus boliviensis and Aotus azarae bo-
liviensis monkeys by Anopheles mosquitoes. Journal of Parasitol-
ogy 74: 502-503. 
COLLINS, W. E., AND M. WARREN. 1998. Studies on infections with two 
strains of Plasmodium inui from Taiwan in rhesus monkeys and 
different anopheline mosquitoes. Journal of Parasitology 84: 547-
551. 
---, ---, J. C. SKINNER, AND D. W. ALLING. 1970. Plasmodium 
inui: Serologic relationships of Asian isolates. Experimental Para-
sitology 27: 507-515. 
CONTACOS, P. G., G. R COATNEY, T. C. ORIHEL, W. E. COLLINS, W. CHIN, 
AND M. H. JETER. 1970. Transmission of Plasmodium schwetzi from 
the chimpanzee to man by mosquito bite. American Journal of 
Tropical Medicine and Hygiene 19: 190-196. 
---, H. A. ELDER, G. R COATNEY, AND C. GENTHER. 1962. Man to 
man transfer of two strains of Plasmodium cynomolgi by mosquito 
bite. American Journal of Tropical Medicine and Hygiene 11: 186-
193. 
---, J. S. LUNN, G. R COATNEY, J. W. KiLPATRICK, AND F. E. JONES. 
1963. Quartan-type malaria parasite of new world monkeys trans-
missible to man. Science 142: 676. 
EARLE, W. C., AND M. PEREZ. 1932. Enumeration of parasites in the 
blood of malarial patients. Journal of Laboratory and Clinical Med-
icine 17: 1124-1130. 
EYLES, D. E. 1963. The species of simian malaria: Taxonomy, mor-
phology, life cycle, and geographical distribution of the monkey 
species. Journal of Parasitology 49: 866-887. 
---, G. R COATNEY, AND M. E. GETZ. 1960. Vivax-type parasite of 
macaques transmissible to man. Science 132: 1812-1813. 
---, AND M. WARREN. 1962. Plasmodium inui in Sulawesi. Journal 
of Parasitology 48: 739. 
HALBERSTAEDTER, L., AND S. VON PROWAZEK. 1907. Untersuchunger ber 
die malariaparasiten der affen. Arbiten aus dem Kaiserlichen Ge-
Sl.lndheitsarnte (Berlin) 26: 37-43. 
KAMBOJ, K K, AND A. H. COCHRANE. 1988. Immunological relationship 
of Plasmodium inui with two other quartan malaria parasites, P. 
malariae and P. brasilianum. Journal of Parasitology 74: 727-729. 
KESSINGER, J. C., W. E. COLLINS, J. LI, AND T. F. MCCUTCHAN. 1998. 
Plasmodium inui in not closely related to other quartan Plasmodi-
um species. Journal of Parasitology 84: 278-282. 
KNOWLES, R,.AND B. M. DAS GUPTA. 1932. A study of monkey-malaria 
and its experimental transmission to man. Indian Medical Gazette 
67: 301-320. 
NIMRI, L. F., AND N. H. LANNERS. 1994. Immune complexes and ne-
phropathies associated with Plasmodium inui infection in the rhesus 
monkey. American Journal of Tropical Medicine and Hygiene 51: 
183-189. 
NGUYEN-DINH, P., C. C. CAMPBELL, AND W. E. COLLINS. 1980. Cultiva-
tion in vitro of a quartan malaria parasite, Plasmodium inui. Sci-
ence 209: 1249-1251. 
SCHMIDT, L. H., R. FRADKIN, J. HARRISON, R. N. ROSSAN, AND W. 
SQUIRES. 1980. The course of untreated Plasmodium inui infections 
in the rhesus monkey (Macaca mulatta). American Journal of Trop-
ical Medicine and Hygiene 29: 158-169. 
SCHMIDT, L. H., R. GREENLAND, AND C. S. GENTHER. 1961. The trans-
mission of Plasmodium cynomolgi to man. American Journal of 
Tropical Medicine and Hygiene 10: 679-688. 
SHORTT, H. E., G. RAo, S. S. OADRI, AND R. ABRAHAM. 1961. Plas-
modium osmaniae, a malaria parasite of an Indian monkey, Macaca 
radiate. Journal of Tropical Medicine and Hygiene 64: 140-143. 
SINGH, B., L. KIM SUNG, A. MAwsop, A. RADHAKRISHNAN, S. S. SAM-
SUL, J. COX-SINGH, A. THOMAS, AND D. J. CONWAY. 2004. A large 
focus of naturally acquired Plasmodium knowlesi infections in hu-
man beings. Lancet 363: 1017-1024. 
SINTON, J. A. 1934. A quartan malaria parasite of the lower oriental 
. , 
COLLINS ET AL.-P. INUliN MONKEYS AND MOSQUITOES 1069 
monkey, Silenus irus (Macaca cynomolgus). Record of the Malaria 
Survey of India 4: 379-410. 
---, AND H. W. MULLIGAN. 1933. A critical review of the literature 
relating to the identification of the malarial parasites recorded from 
monkeys of the families Cerecopihecidae and Colobidae. Record 
of the Malaria Survey of India 3: 381-443. 
SULLIVAN, J. S., D. NACE, T. WILLIAMS, J. GUARNER, G. S. NOLAND, AND 
W. E. COLLINS. 2003. The development of exo-erythrocytic stages 
of Plasmodium inui shortti in New World monkeys. Journal of 
Parasitology 89: 637-639. 
WYLER D. J., L. H. MILLER, AND L. H. SCHMIDT. 1977. Spleen function 
in quartan malaria (due to Plasmodium inui): Evidence for both 
protective and suppressive roles in host defense. Journal of Infec-
tious Diseases 135: 86-93. 
J. Parasitol.. 93(5), 2007, pp, 1070-1083 
© American Society of Parasitologists 2007 
GEOGRAPHIC AND HOST RANGE OF THE NEMATODE SOBOLIPHYME BATURINI 
ACROSS BERINGIA 
Anson V. A. Koehler, Eric P. Hoberg*, Nikolai E. Dokuchaevt, and Joseph A. Cook 
Department of Biology, University of New Mexico, Albuquerque, New Mexico 87131. e-mail: ansonkoehler@gmail.com 
ABSTRACT: The nematode Soboliphyme baturini Petrov, 1930, was found to represent a single species with a relatively broad 
geographic range across Beringia and northwestern North America on the basis of the assessment of molecular sequence data 
for adult and juvenile parasites. Refuted are hypotheses suggesting that several cryptic species could be partitioned either among 
an array of mustelid definitive hosts or across the vast region that links Nortb America and Eurasia. Host specificity for this 
species is examined on the basis of a comprehensive list for definitive hosts, derived from new field surveys and existing literature 
for S. baturini. Only 5 mustelids (Gulo gulo, Martes americana, M. caurina, M. zibellina, and Neovison vison) appear to have 
significant roles in the life history, persistence, and transmission of this nematode. Soboliphyme baturini readily switches among 
M. americana, M. caurina, Mustela erminea, or N. vison at any particular locality throughout its geographic range in Nortb 
America, although Martes spp, could represent the source for nematodes in a broader array of mustelids, Molecular analyses 
(243 base pairs of mitochondrial gene nicotinamide dehydrogenase [ND4]) suggest that hypotheses for host specificity across an 
array of mustelid definitive hosts are not supported, The life cycle of S, baturini is explored through a review of diet literature 
for 2 marten species, M, americana and M, caurina, and other mustelids across the Holarctic, Shrews (Soricomorpha: Soricidae) 
comprise >8% of prey for these species of Martes, suggesting their putative role as paratenic hosts, Juvenile nematodes found 
in the diaphragms of soricids are genetically identical to adult S. baturini found in the stomachs of mustelids at the same locations 
in both Asia and Nortb America, corroborating a role in transmission for species of Sorex, 
Establishing the roles for each participant in a parasite's life 
cycle is essential to interpreting ecology, epidemiology, distri-
bution, and phylogeographic history. Hosts that are components 
of the life cycle can be defined as definitive (parasite achieves 
sexual maturity), intermediate (parasite develops, but does not 
reach sexual maturity), and paratenic (parasite undergoes no 
development stages, but might be transported from one trophic 
level to another) (Roberts and Janovy, 2005), Hosts can also be 
defined as incidental, when the parasite fails to reach sexual 
maturity. In this case, the host is unnecessary to the parasite 
life cycle and, therefore, could be insignificant to a parasite's 
evolutionary past. On the other hand, definitive hosts can have 
long-term coevolutionary relationships with their parasites, or 
the host/parasite relationship could be acquired through host 
switching (e.g., Brooks and McLennan, 1993; Hoberg, 2005). 
Recent relationships from host switching could be the result of 
ecological fitting (resource tracking), in which the parasite is 
tracking a resource in the host rather than the host itself (Keth-
ley and Johnston, 1975; Janzen, 1985; Brooks et aI., 2006), 
Significant movements of species caused by the dynainic 
geologic events of the Pleistocene might have brought together 
new sets of potential hosts and increased the incidence of host 
colonization (Hoberg and Brooks, 2007). Hence, determinants 
of host associations and their relationship to host specificity can 
be a complex phenomenon (Brooks et al., 2006). Molecular 
perspectives have proved key to revealjJ;lg such complexity, es-
pecially in dynamic ecological situations such as those that ex-
isted in high latitudes over the past 2 million yr (Cook et aI., 
2005). 
Evolutionary roles for a spectrum of potential and actual 
hosts, however, might be unclear for nematode parasites when 
there is difficulty in distinguishing minute morphological dif-
Received 5 January 2007; revised 27 March 2007; accepted 2 April 
2007. 
* United States National Parasite Collection, Animal Parasitic Diseases 
Laboratory, United States Department of Agriculture, Agricultural Re-
search Service, Beltsville, Maryland 20705. 
t Institute of Biological Problems of the Nortb, Far Eastern Branch of 
the Russian Academy of Sciences, Magadan, Russia. 
ferences between species (cryptic species) or when trying to 
link together adult and juvenile forms. Juveniles are often dif-
ficult to identify to species because of undeveloped morpholog-
ical characters essential to diagnosis (e.g., Jenkins et al., 2005). 
In these cases, molecular identification is necessary when trying 
to match juveniles in intermediate and paratenic hosts with 
adult nematodes in definitive hosts (McKeand, 1998). 
Soboliphyme baturini Petrov, 1930, is a stomach-dwelling 
nematode and member of the monotypic Soboliphymatidae, 
Dioctophymidea (Karmanova, 1986). A complex life cycle 
c;haracterizes S. baturini, with adult nematodes maturing in the 
stomach of the definitive host and females then releasing eggs 
that are shed in feces and deposited in the soil. In the leaf litter, 
the eggs are consumed by the intermediate host, enchytraeid 
oligochaetes, where they hatch, and the resulting juveniles de-
velop to the infective third juvenile stage (J3) and are later trans-
mitted to mammals (Karmanova, 1986). Soricomorphs and ro-
dents feed on these oligochaetes and could serve as paratenic 
hosts by bridging the trophic gap between mustelid and oligo-
chaete, or the definitive host might consume enchytraeids di-
rectly and become infected by the nematode (Karpenko, 1985; 
Karpenko et aI., 1998, 2007). Adult S. baturini can survive in 
the definitive host for up to 20 mo; therefore, annual cohorts 
could overlap, leaving the hosts constantly infected (Karma-
nova, 1986). 
Over 50 mammal species and subspecies are recognized 
hosts for S. baturini (Appendix); however, Kontrimavichus 
(1985) suggested that not all of these are necessary to the life 
cycle. For example, felids and canids are incidental hosts, 
meaning the juveniles can survive in the host but fail to reach 
sexual maturity (Karmanova, 1986). More specifically, S. ba-
turini is most commonly found in sable (Martes zibellina (Lin-
naeus», American marten (Martes americana (Turton», and 
Pacific marten (Martes caurina (Merriam» and less frequently 
in ermine (Mustela erminea Linnaeus), wolverine (Gulo gulo 
(Linnaeus», and mink (Neovison vison (Schreber» (Petrov, 
1930; Price, 1930; Shimakura and Odajima, 1934; Bezdek, 
1942; Morgan, 1943; Schmidt and Kinsella, 1965; Swartz, 
1968; Kontrimavichus, 1985; Karmanova, 1986; Sato et aI., 
1999; Rusin et al., 2003; Zarnke et aI., 2004). 
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FIGURE 1. The geographic distributions of M. caurina and M. americana (modified from Hall, 1981) are overlapped with historic localities 
and survey results from this study for S. baturini. Admiralty and Kuiu Islands are the only islands known to support M. caurina in southeast 
Alaska. White dots represent occurrences of S. baturini. Black dots refer to necropsies of mustelids that were negative for S. baturini. 
In North America, S. baturini is thought to be limited largely 
to the Pacific coast, with an eastward range extension to the 
southern Rocky Mountains. The southern range of this nema-
tode coincides with the distribution of M. caurina, but intensive 
surveys need to be completed from southern and central British 
Columbia southward to northern New Mexico and northern 
California to adequately define this distribution. Further north, 
the nematode's distribution also includes the extreme western 
range of M. americana in southeast Alaska along the coast and 
in interior Alaska (Fig. 1). Occurrence of this nematode in M. 
americana apparently reflects 2 episodes of host switching 
(Koehler, 2006) in the Holocene, when M. americana expanded 
its range westward into both interior and coastal Alaska (Small 
et a I., 2003). 
Sobo/iphyme baturini is a prime candidate for studies that 
use molecular techniques to address the role of paratenic hosts 
in transmission and in exploring associations with definitive 
hosts. Worldwide host surveys over the past 76 yr resulted in 
recognition of a variety of potential definitive, intermediate, and 
paratenic hosts; yet, the roles that each of these host species 
played in the evolution of this nematode remain unclear (Fig. 
2; Appendix). Additionally, the specifics of the life cycle of S. 
baturini have yet to be completely deduced, including the role 
of shrews as paratenic hosts and designation of the potential 
host species as either definitive or incidental. 
In this study, the distribution of S. baturini was assessed with 
the use of new and historical data. Additionally, the following 
questions are explored. First, does S. baturini represent a single 
widespread species, or is there evidence for cryptic species par-
titioned across 5 mustelid hosts (i.e., M. americana, M. caurina, 
M. zibellina, M. erminea, and N. vison)? Second, are sorico-
morphs paratenic hosts of S. baturini? These hypotheses are the 
foundation for assessing the life history and distribution of S. 
baturini. 
METHODS AND MATERIALS 
In conjunction with the Beringian Coevolution Project (Hoberg et a!., 
2003; Cook et aI. , 2005), adult and juvenile S. baturini were obtained 
from 21 geographic sites across eastern Siberia and the Pacific North-
west (Table I). Adult nematodes from North American localities were 
acquired through necropsies of 756 salvaged mustelid carcasses from 
commercial trappers, including 460 M. americana, 124 M. caurina, 59 
MaNes pennanli (Erxleben), 70 M. erminea, 40 N. vison, 2 Taxidea 
taxus (Schreber), and 1 G. gulo (Table I). Of this total, 286 carcasses 
from interior British Columbia (n = 231), central Northwest Territories 
(n = 45), and Montana and Idaho (n = 10) (Table I) were studied to 
refine the eastern boundary of this nematode. Additional adult and ju-
venile specimens were obtained through collaborative efforts with other 
scientists (Appendix). Unpublished records from the U.S. National Par-
asite Collection (USNPC; USDA, Beltsville, Maryland) and from the 
University of Alaska Museum (AF; Fairbanks, Alaska) were also in-
cluded. Specimens of adult S. baturini in stomachs of mustelids or 13 
of presumptive S. baturini in diaphragms of soricids were preserved in 
70 or 95 % ethanol and stored at - 20 C before analysis. Each specimen 
was subsampled, with the midsection of the body being reserved for 
molecular sequencing, and the head and tail of individual adults or 13 
were archived as physical vouchers deposited in the Museum of South-
western Biology (University of New Mexico, Albuquerque, New Mex-
ico) (Table II). 
Total genomic DNA was extracted from the midsections of individual 
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FIGURE 2. The distribution of S. baturini is based on published records and museum specimens and is centered on Beringia. Inset shows detail 
of localities in southeast Alaska. Numbers correspond to locality IDs in the Appendix. 
worms with a commercial kit (AquaPure Genomic DNA Isolation Kit, 
Bio-Rad Laboratories, Hercules, California). A multilocus approach.was 
employed to explore the potential for cryptic diversity in S. baturini: 
We assessed variation of 2 mitochondrial genes, nicotinamide dehydro-
genase (ND4) and cytochrome oxidase I (COl). Phylogenetic species 
criteria (Adams, 1998; Brooks and McLennan, 2002; Nadler, 2002) 
were adopted in exploring whether S. baturini represents a single spe-
cies among mustelids. 
A 293-base pair (bp) region of the mitochondrial gene, COl (primers 
SoboCOlF 5'GCTCAGCTTCGGACAGTTTC3' and SoboCOIR 
5 'TCATGCAAATGAACATCTAGGG3'; 1r~n [2003]) was used to test 
for reciprocal monophyly including 3 representatives of S. baturini from 
major geographic localities within its range (Table III). Outgroups were 
Soboliphyme abel (Asakawa et a!. , 1988) in Sorex unguiculatus Dobson 
from Japan and Soboliphyme jamesoni Read, 1952, in Sorex tundrensis 
Merriam from Yakutsk, Russia. An additional outgroup includes Trich-
inella britovii Pozio, La Rosa, Murrell, and Lichtenfels, 1992; T. nativa 
Britov and Boev, 1972; and T. murelli Pozio and LaRosa, 2000. 
The ND4 gene was used to further resolve the intraspecific phylog-
enies as suggested by Blouin (2002). A 243-bp region of ND4 was 
amplified from 8 worms (Table II) by polymerase chain reaction (PCR) 
with primers SoboND4F 5'GGGAGGGCCACTTACCTTAT3 ' and 
SoboND4R 5'GCCACAAACTTCTTCACGTCT3'. Primers for ND4 
were designed with the use of Primer3 (Rozen and Skaletsky, 2000) on 
the basis of an alignment of published Xiphinema americanum Cobb, 
1913 (GenBank NC005928), and Trichinella spiralis (Owen, 1835) 
(GenBank NC002681) ND4 genes. 
Total reaction volumes were 25 J..LI consisting of 14.25 J..LI of H20; I 
J..LI of 10 J..LM primer each; 1 J..LI of DNA template (~5 ng/J..LI); 2.5 J..LI 
each of 25 mM MgCI2, 10 mM DNTPs, and lOX PCR Buffer II; and 
0 .25 J..LI of Taq (5 units/J..Ll, Amplitaq®, Applied Biosystems, Foster City, 
California). PCRs were run on PTC-200 thermocyclers (MJ Research, 
Waltham, Massachusetts) with the following parameters: initial dena-
turation at 94 C for 60 sec, subsequent denaturations for 30 sec, an-
nealing at 67 C for 15 sec, and extension of 72 C for 30 sec, repeated 
for an additional 34 cycles, followed with a final extension of 72 C for 
10 rhino Product was visualized via electrophoresis on a 0.8% agarose 
gel and cleaned with 30% polyethylene glycol (PEG) and QiaQuick® 
cleanup kit (Qiagen Inc., Germantown, Maryland). BigDye® Terminator 
v.3.1 (Applied Biosystems) was used for cycle sequencing reactions. 
Excess dyes and primer were removed with Sephadex® G-50 spin col-
umns or sodium acetate ethanol wash (Applied Biosystems). Forward 
and reverse strands were sequenced with an ABI PRISM® 3100 Genetic 
Analyzer. 
Ambiguous sites were resolved with Sequencher® 4.6 (Genecodes, 
Ann Arbor, Michigan). Alignments were made with ClustalW (Chenna 
et aI., 2003). All sequences were identical in length and no insertions 
or deletions were necessary. Mitochondrial sequences were translated 
to amino acids and examined for stop codons to check against pseu-
dogenes. Sequences were deposited in GenBank, and physical vouchers 
were deposited in the Museum of Southwestern Biology (Table II). In 
total, 8 adult and J3 nematodes were sequenced from 6 mustelids and 2 
soricids to examine the amount of sequence divergence among putative 
specimens of S. baturini (Table II). 
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TABLE I. Locality data for mustelids that were examined for S. baturini throughout northwest North America. Prevalences and mean intensities 
of S. baturini from each locality are indicated. 
Scientific name 
Mean 
n Prevalence intensity 
Gulo gulo 
Martes americana 10 
M. americana 10 
M. americana 22 
M. americana 57 
M. americana 14 
M. americana 75 
M. americana 17 
o 
o 
o 
4.5 
o 
78.6 
85.3 
94.1 
o 
o 
o 
1 
o 
14.7 
20.7 
27.3 
Range Locality State/Province Latitude Longitude 
o Yukon Flats Alaska 66.15 -147.55 
o 100-Mile House British Columbia, Canada -121.55 
o Enderby British Columbia, Canada -119.05 
1 Francois Lake British Columbia, Canada -126.43 
o Kootenai National Park British Columbia, Canada -115.67 
1-38 :<:: 12.2 Kuiu Island Alaska -133.92 
1-200 :<:: 29.8 Kupreanof Island Alaska -133.50 
10-53 :<:: 15.2 Mitkof Island Alaska -132.92 
M. americana 45 o o 
o 
5.5 
o 
o Norman Wells Northwest Territories, Canada 
51.71 
50.68 
53.98 
50.47 
56.72 
56.79 
56.68 
65.23 
54.44 
55.77 
54.75 
57.02 
66.15 
57.20 
44.96 
48.20 
49.17 
52.00 
51.71 
57.20 
58.83 
56.79 
56.68 
53.25 
54.75 
57.02 
49.17 
51.71 
50.68 
53.98 
56.79 
56.68 
48.20 
54.44 
54.75 
49.17 
47.00 
-127.00 
M. americana 5 
M. americana 9 
M. americana 10 
M. americana 133 
M. americana 41 
M. caurina 56 
M. caurina 5 
M. caurina 3 
M. caurina 58 
M. pennanti 59 
Mustela erminea 10 
M. erminea 2 
M. erminea 
M. erminea 
M. erminea 
M. erminea 
M. erminea 
M. erminea 
M. erminea 
Neovison vison 
N. vison 
N. vison 
N. vison 
N. vison 
N. vison 
N. vison 
N. vison 
N. vison 
Taxidea taxus 
10 
10 
11 
7 
5 
7 
1 
5 
5 
2 
7 
2 
2 
o 
22.2 
o 
53.4 
2.4 
87.5 
o 
o 
1.7 
o 
o 
50 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
100 
o 
o 
o 
o 
o 
12 
1 
21.9 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
1 
o 
o 
o 
o 
o 
. , 
o Prince George British Columbia, Canada 
2-9 :<:: 4.9 Revillagigedo Island Alaska 
o Smithers British Columbia, Canada 
1-80 :<:: 15.9 Thomas Bay Alaska 
1 Yukon Flats Alaska 
3-97 :<:: 16.9 
o 
o 
1 
o 
o 
1 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
1 
o 
o 
o 
o 
o 
Admiralty Island 
Idaho 
Montana 
Vancouver Island 
Central BC 
100-Mile House 
Admiralty Island 
Fort Nelson 
Kupreanof Island 
Mitkof Island 
Queen Charlotte Islands 
Smithers 
Thomas Bay 
Vancouver Island 
100-Mile House 
Enderby 
Francois Lake 
Kupreanof Island 
Mitkof Island 
Montana 
Prince George 
Smithers 
Vancouver Island 
Washington 
Alaska 
Idaho 
Montana 
British Columbia, Canada 
British Columbia, Canada 
British Columbia, Canada 
Alaska 
British Columbia, Canada 
Alaska 
Alaska 
British Columbia, Canada 
British Columbia, Canada 
Alaska 
British Columbia, Canada 
British Columbia, Canada 
British Columbia, Canada 
British Columbia, Canada 
Alaska 
Alaska 
Montana 
British Columbia, Canada 
British Columbia, Canada 
British Columbia, Canada 
Washington 
-123.39 
-131.60 
-126.65 
-132.85 
-147.55 
-134.29 
-113.64 
-114.30 
-123.93 
-123.67 
-121.55 
-134.29 
-123.75 
-133.50 
-132.92 
-132.00 
-126.65 
-132.85 
-123.93 
-121.55 
-119.05 
-126.43 
-133.50 
-132.92 
-114.30 
-123.39 
-126.65 
-123.93 
-120.00 
TABLE II. Specimens of S. baturini used in constructing the haplotype network for ND4 sequences. Specimens were obtained through the Beringian 
Coevolution Project or other collaborators throughout the Beringian region. Museum of Southwestern Biology and GenBank accession numbers, 
host species, host status (definitive or paratenic), and locality data are included. 
Specimen 
NK 135687 
NK 128108 
NK 122046 
NK 159571 
NK 122064 
NK 122289 
NK 159582 
NK 159576 
GenBank 
EF457895 
EF457893 
EF457892 
EF457891 
EF457890 
EF457896 
EF457894 
EF457889 
Host species 
Martes americana 
M. americana 
M. caurina 
M. zibellina 
Mustela erminea 
Neovison vison 
Sorex cine reus 
S. unguiculatus 
Host style 
Definitive 
Definitive 
Definitive 
Definitive 
Definitive 
Definitive 
Paratenic 
Paratenic 
Country 
U.S. 
U.S. 
U.S. 
Russia 
U.S. 
U.S. 
U.S. 
Russia 
Locality 
Kupreanof Island 
Fairbanks, Alaska 
Admiralty Island 
Kamchatka 
Admiralty Island 
Mitkof Island 
Eagle, Alaska 
Lazovski 
Latitude 
56.73 
65.18 
57.28 
56.00 
57.44 
56.68 
63.83 
43.28 
Longitude 
-133.57 
-146.58 
-134.03 
160.00 
-133.84 
-132.92 
-142.16 
134.05 
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TABLE III. Specimens of Soboliphyme used in constructing the MrBayes tree for COl sequences. Specimens were obtained through the Beringian 
Coevolution Project or other collaborators throughout the Beringian region. Museum of Southwestern Biology and GenBank accession numbers, 
host species, and locality data are included. 
Specimen GenBank Species Host species Country Locality Latitude Longitude 
NK 135687 EF519531 Soboliphyme baturini Martes americana U.S. Kupreanof Island 56.73 -133.57 
NK 128108 EF519532 S. baturini M. americana U.S. Fairbanks, Alaska 65.18 -146.58 
NK 159571 EF519530 S. baturini M. zibellina Russia Kamchatka 56.00 160.00 
NK 139168 EF519533 S. jamesoni Sorex tundrensis Russia Yakutsk 62.02 129.61 
NK 139584 EF519534 S. jamesoni S. roboratus Russia Yakutsk 62.07 128.94 
NK 159581 EF519535 S. abei S. unguiculatus Japan Hokkaido 43.05 141.35 
NA DQ007892 Trichinella britovi NA 
NA DQ007894 T. murrelli NA 
NA AB252966 T. nativa NA 
Maximum parsimony (MP) optimality criteria was used for phylo-
genetic reconstruction by PAUP* (Swofford, 2002), considering all 
characters as unordered with 4 possible states (A, C, G, T); uninfor-
mative characters were excluded from the MP analysis. A branch and 
bound search was performed with COl sequences. Node support was 
evaluated with nonparametric bootstrap methodology and the use of 
5,000 replicates for MP (Felsenstein, 1985). The Markov chain Monte 
Carlo (MCMC) sampling procedure was performed by the program 
MrBayes (Ronquist and Huelsenbeck, 2003) to estimate the posterior 
probability of phylogenetic trees. The program was executed twice with 
5,000,000 generations run, 4 heated chains, and 45,000 trees saved. The 
median joining algorithm (Bandelt et ai., 1999) in the program Network 
v4.1.1.2 (Fluxus Engineering, Suffolk, U.K.) was used to create a hap-
lotype network for the 8 sequences of the ND4 gene (Table II). 
RESULTS 
Host surveys 
Examination of historical accounts of S. baturini, along with 
data from the current study (Appendix), indicate that S. baturini 
is found predominantly in M. americana, M. caurina, and M. 
zibellina. Of 756 mustelids necropsied, 204 (27%) were infect-
ed and 3,674 specimens of S. baturini were recovered (Fig. 1; 
Table I). No S. baturini were found in G. gulo (n = 1), M. 
pennanti (n = 59), or T. taxus (n = 2). Only 1 M. erminea (n 
= 70) and 1 N. vison (n = 40) were infected, both in sout1!east 
Alaska. The highest prevalence of S. baturini in M. americana 
was from southeast Alaska. Of those hosts surveyed near the 
eastern boundary of the known range for S. baturini, only 1 
worm was found (Francois Lake, interior British Columbia, n 
= 114) and none was found in the Northwest Territories (n = 
45). Martes caurina had the highest prevalence of infection on 
Admiralty Island (88%) and M. amer;icana had highest preva-
lences on Kuiu (79%), Kupreanof (85%), and Mitkof islands 
(94%). 
Assessment of distribution from current and historical 
data 
Records of occurrence of S. baturini in North America, in-
cluding those from this study, were mapped over the current 
distribution of the principle hosts, M. americana and M. caur-
ina (Fig. 1). Two equivocal historical records of S. baturini 
occurred farther east in North America. A specimen of S. ba-
turini reported from Madison, Wisconsin (Morgan, 1943), is 
unsubstantiated because the author does not refer to any specific 
locality. This specimen was identified at the USNPC by B. Chit-
NA NA NA NA 
NA NA NA NA 
NA NA NA NA 
wood in 1933, where the practice used at that time often re-
ferred geographic records to the city or laboratory, rather than 
to the actual geographic origin of the specimen. Another ac-
count of S. baturini was recovered in a single wolverine (G. 
gulo) from the province of Quebec, Canada (Bezdek, 1942). 
Because wolverines are long-distance dispersers (Hornocker 
and Hash, 1981) and infections of S. baturini can persist for 20 
mo (Karmanova, 1986), this record might have been a chance 
dispersal event. Alternatively, that specimen could have been 
sent to a laboratory in Quebec from a western locality. If these 
2 records are discounted, then the eastern limit of viable S. 
baturini populations would be the Rocky Mountains. We sug-
gest this to be the case on the basis of the ease of detection of 
this large stomach-dwelling nematode combined with a series 
of published assessments of diets of mustelids in North Amer-
. ica. In addition, extensive parasitological surveys of mustelids 
and other potential carnivore hosts east of the Rocky Mountains 
have not detected this parasite (Erickson, 1946; Meyer and 
Chitwood, 1951; Dick and Leonard, 1979; Jennings and Threl-
fall, 1982; Poole et aI., 1983). 
The Old World distribution of S. baturini appears limited to 
the region east of the Ural Mountains. Accounts of S. baturini 
west of the Urals may be attributed to human translocations of 
M. zibellina from the Baikal region after their earlier extirpation 
(Monakhov,2001). 
Molecular identification of nematodes 
Molecular analysis does not refute the hypothesis that S. ba-
turmi is a single widespread species. Sequences of COl from 3 
putative adult S. baturini representing populations from dispa-
rate geographic localities in the Nearctic and Palearctic exhib-
ited minimal variation, and MP analyses unequivocally dem-
onstrated reciprocal monophyly relative to the presumptive sis-
ter species S. abei and S. jamesoni (Fig. 3). After initial as-
sessment of this locus aimed at species-level identification, our 
focus shifted from COl to ND4 on the basis of expectations of 
greater variability and information content to explore variation 
in worms from different hosts at particular sites. 
Sequences at the ND4 locus could not be reliably aligned 
between S. baturini and respective outgroups. Minimal diversity 
was demonstrated in sequences of ND4 for 6 adults and 2 J3 
larvae. Nematodes found in different mustelid hosts collected 
from similar geographic locations had identical sequences for 
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Soboliphyme jamesoni NK139168 
67/64 
~ S.jamesoni NK139584 
S. abei NK159581 
100/100 
S. baturini NK159571 
54/81 
100/100 S. baturini NK128108 
S. baturini NK135687 
r- TrichineUa murrelli 
~T. nativa 
..... T. britovi 
....!!.!.. Substitutions/Site 
FIGURE 3. Reciprocal monophyly is established for S. baturini with 
a majority consensus tree for maximum parsimony. A maximum par-
simony tree was generated with an exhaustive search from 293 bp of 
the COl mtDNA gene sequences of S. baturini, S. abei, S. jamesoni, 
and Trichinella sp. MrBayes tree topology has both Bayesian and MP 
nodal supports listed (Bayesian/MP). Trees were rooted with Trichinella 
sp. Major and minor subdivisions are illustrated. 
central southeast Alaska (M. americana, N. vison) and Admi-
ralty Island (M. caurina, M. erminea), respectively (Fig. 4). 
Sequences of specimens from putative S. baturini in soricids 
from Russia and Alaska also were identical or differed mini-
mally when compared with worms inhabiting mustelids from 
the same geographic regions (Fig. 4). For example, nematode 
sequences from M. zibellina and S. unguiculatus Dobson were 
identical and differed by only 2 bp between M. americana and 
S. cine reus Kerr collected from 2 localities separated by 300 
km in interior Alaska. This is evidence that shrews are paratenic 
hosts and that at any particular locality these worms are in-
fecting a variety of hosts. Additionally, diet of New World mar-
ten and Old World sable (Table IV) ..indicated that shrews are 
consumed frequently. 
DISCUSSION 
Sampling 
Identifying the role of putative hosts in a parasite's life cycle 
(e.g., definitive, intermediate, or paratenic) is essential to un-
derstanding the evolutionary history and assessing the signifi-
cance of processes such as ecological fitting in host/parasite 
dynamics. Wide taxon and geographic sampling is required to 
first document the range of a parasite, identify species limits, 
and characterize the role of component hosts. Here, we establish 
species identity, describe the geographic range, and identify the 
Admiralty Island 
• Mutation 
o Haplotype 
Central Southeast, Alaska 
FIGURE 4. Network of S. baturini haplotypes (243 bp of the ND4 
gene) constructed by the median joining method. Juvenile S. baturini 
(soricid hosts) are similar to adult S. baturini (mustelid hosts). Nema-
todes of Neovison vison and M. erminea are identical to nematodes in 
M. caurina and M. americana. Dots represent mutational changes. 
Ovals indicate haplotypes. 
paratenic and definitive host associations of the Holarctic nem-
atode, S. baturini. 
Genetic diversity and species 
Minimal genetic diversity was observed in putative popula-
tions of S. baturini (Fig. 3; Table III). Application of phylo-
genetic criteria (e.g., Adams, 1998; Brooks and McLennan, 
2002; Nadler, 2002) establishes S. baturini as a single species. 
Cryptic species and species complexes have been reported and 
predicted among assemblages of Beringian helminths, including 
nematodes and cestodes (Hoberg et aI., 1999; Haukisalmi, 
2001,2004) as a consequence of the complex history of faunal 
expansion and geographic colonization and isolation in this re-
gion. Among a diversity of parasitic helminths, minimal vari-
ation in morphological characters contrasts with "hidden mo-
lecular diversity," a general phenomenon for helminths in Ber-
ingia and elsewhere (Hoberg et aI., 2003; Haukisalmi et aI., 
2004; Cook et aI., 2005). Soboliphyme baturini might be an 
exception to this generality (Koehler, 2006). Molecular com-
parisons did not detect substantial genetic variation among 
nematodes from different hosts, a finding consistent with the 
hypothesis that S. baturini represents a single species across its 
wide geographic range that spans Beringia (Koehler, 2006). 
1076 THE JOURNAL OF PARASITOLOGY, VOL. 93, NO.5, OCTOBER 2007 
Low genetic diversity, multiple hosts, and relatively widespread 
geographic distribution suggest a shallow temporal association 
for S. baturini and mustelids that could be compatible with a 
history of geological and host colonization. Molecular charac-
terization of S. baturini occurring in G. gulo and M. pennanti 
is still needed. 
Geographic range and life cycle 
The distribution of S. baturini in marten from 3 major lo-
calities throughout Alaska was mapped (Zarnke et al., 2004; 
Fig. 1) on the basis of the following prevalences: northern 
(19%, n = 2,166), southwestern (30%, n = 1,058), and south-
eastern (47%, n = 3,028). Our expanded survey of marten and 
other mustelid hosts demonstrated high prevalences in southeast 
Alaska (64% n = 334). Only 1 worm was found east of the 
Coast Range (Table I; Fig. 1), suggesting that the distribution 
of S. baturini is restricted primarily to the Pacific Northwest. 
The absence of S. baturini in central and eastern North Amer-
ica can be attributed to the distribution of intermediate hosts 
required for transmission. Experimental evidence found that 
only oligochaetes from the Enchytraeidae were suitable hosts 
for development of S. baturini (Karmanova, 1963). Enchy-
traeids are found on every continent, with greatest abundance 
in moist temperate regions (O'Connor, 1967). Karmanova 
(1986) concluded that the distribution of S. baturini was de-
pendant on geography and meteorological conditions and po-
tentially limited by availability of suitable enchytraeids. She 
found S. baturini most common in floodplains of major rivers 
in eastern Asia where enchytraeids thrive in areas of humid 
forest litter. During periods of drought, enchytraeids survive 
near water sources but perish during periods of extended flood-
ing. Kaufmann et aI. (2002) showed that enchytraeids colonize 
soils within 40 yr of deglaciation, so their distribution would 
be limited by rates of geographic expansion as glaciers retreat. 
Consequently, the temperate rainforest climate of southeast 
Alaska and associated refugial habitats appear to have been 
ideal for the persistence of S. baturini during full glacial ad-
vances of the Late Pleistocene (Koehler, 2006). Future identi-
fication of specific enchytraeids capable of hosting S. baturini, 
and then careful documentation of the distributions of these 
hosts, could substantially broaden our understanding of the geo-
graphic limits of this nematode. 
Among the vast array of definitive hosts examined (Appen-
dix), only a few are thought to be important to the life cycle of 
S. baturini. Reviews by Kontrimavichus (1985) and Karmanova 
(1986) concluded that marten and sabte were the principle de-
finitive hosts. In North America, coastal Alaska and British Co-
lumbia have a high prevalence of S. baturini in both M. caurina 
and M. americana (59%, n = 362), whereas other mustelids 
(i.e., N. vison [25%, n = 4] and M. erminea [3%, n = 36]) had 
lower prevalence, although sample size is low for both. If N. 
vison and M. erminea were essential to the life cycle of S. 
baturini, one might expect higher prevalence and the parasite 
should be common in those hosts when marten are not in sym-
patry. 
Kontrimavichus (1962) examined 707 mustelids from the 
Khabarovsk region of the Russian Far East, including 281 N. 
vison (91% infected), 196 M. sibirica Pallas (39% infected), 
and 196 M. zibellina (70% infected). The author noted that N. 
vison might be more susceptible to infection because of close 
association with water. Larger samples of N. vison are needed 
in North America to effectively understand the role of this host 
in the Pacific Northwest. 
Sporadic cases of S. baturini in G. gulo have been reported 
from Montana (Price, 1930), Quebec (Bezdek, 1942), and in-
terior Alaska (USNPC 033728). Rausch (1959) examined 108 
G. gulo from throughout northern and interior Alaska and re-
ported no S. baturini. When found in G. gulo, specimens have 
been mature adults. The Holarctic distribution (Wilson and 
Reeder, 2005) and large dispersal capabilities for wolverines 
(Hornocker and Hash, 1981) suggest they may have been cru-
cial to the dissemination and maintenance of S. baturini 
throughout its geographic range. Another mustelid, M. pennan-
ti, has been recorded as a host to S. baturini in Montana 
(USNPC 067206) and in southeast Alaska (AP 24441). The 
absence of S. baturini in 59 M. pennanti collected from 
throughout British Columbia and 162 M. pennanti from Mani-
toba (Dick and Leonard, 1979) reinforces the conclusion that 
M. pennanti is an uncommon host for S. baturini. Populations 
of M. pennanti in Washington, Oregon, and Montana should be 
screened for S. baturini. The appearance of S. baturini in M. 
pennanti could be the result of ecological fitting (Janzen, 1985; 
Brooks et aI., 2006), where parasites track a resource provided 
by the host, rather than as a manifestation of the host specificity. 
Ecological fitting could be applied to other hosts (e.g., N. vison 
and M. erminea) as well because deep coevolutionary, or even 
cophylogeographic relationships, have not been demonstrated 
(Koehler, 2006). A temporally shallow association is consistent 
with minimal genetic diversity relative to hosts and geography. 
When the situation arises, S. baturini can infect other species 
because resources required to complete its life cycle are avail-
able. In addition to the potential role of refugia (e.g., coastal 
and Beringia) in the evolution of this nematode (Fleming and 
Cook, 2002; Cook et aI., 2006), resources available to S. ba-
turini in marten apparently are optimal along the coast and in 
interior Alaska. Zamke et aI. (2004) arrived at a similar con-
clusion, suggesting that some environmental condition in south-
east Alaska favors the survival and transmission of S. baturini. 
Absence of S. baturini from European marten (Martes martes 
(Linnaeus) or Martes foina (Erxleben» could result from con-
straints of historical biogeography (S. baturini never occurred 
in Europe), diet (paratenic or intermediate hosts), or features of 
the hosts related to this nematode's ability to track resources 
available only in M. americana, M. caurina, and M. zibellina. 
For .comparison with another nematode, M. martes and M. foina 
are hosts to Skrjabingylus petrowi Bageanov, 1936. This nem-
atode of the frontal sinuses does not occur naturally in M. zi-
bellina or North· American marten (Kontrimavichus, 1985; 
Kontrimavichus et aI., 1985; Koubek et aI., 2004). As with S. 
baturini, soricids have been implicated as paratenic hosts for 
species of Skrjabingylus (Gamble and Riewe, 1982). Hence, 
diet does not appear to be a limiting factor in the contrasting 
distributions of these 2 nematodes because soricids are eaten 
by M. foina and M. martes (Clevenger, 1994; Helldin, 1999). 
Soboliphyme baturini might fail to achieve sexual maturity 
in M. erminea. Schmidt and Kinsella (1965) reported juvenile 
S. baturini in M. erminea collected near Juneau, Alaska. Mus-
tela erminea from our study were infected only by juvenile S. 
baturini. Additional specimens of this nematode recovered from 
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TABLE IV. Summary of diet analyses of Martes spp. used to determine whether shrews are important to the diet of Martes spp. Studies are from 
a range of localities throughout the Palearctic and Nearctic distribution of Martes spp. Studies examined stomach contents unless otherwise noted. 
The amount of vegetation and soil debris in the diet is also reported. 
Locality Species n 
Algonquin Park, Ontario, Canada Martes americana 118 
Ontario, Canada M. americana 392 
Western Newfoundland, Canada M. americana 56 
Newfoundland, Canada M. americana 704 
Glacier National Park, Montana M. americana 1,758 
Northern British Columbia, M. americana 127 
Canada 
Maine M. americana 412 
Sequoia National Forest, M. caurina 150 scat 
California 
Alberta and British Columbia, M. americana 112 
Canada 
Southeast Manitoba, Canada M. americana 107 
South-central Alaska M. americana 467 
Northwest Territories, Canada M. americana 172 
Selway Bitterroot Wilderness, M. americana 129 
Montana 
Grand Teton National Park, M. americana 528 
Wyoming 
Interior Alaska M. americana 466 
Northwestern Montana M. americana 64 
Colorado M. caurina 32 
Yosemite National Park, M. caurina 40 
California 
Northeast Oregon M. caurina 1,014 
Tahoe National Forest, California M. caurina 300 scat 
Vancouver Island, British M. caurina 701 
Columbia, Canada 
Queen Charlotte Islands, British M. caurina 97 
Columbia, Canada 
Scotland M. martes 174 
Shantar Islands, Russia M. zibellina 1.52 
Northern China M. zibellina 221 
Magadan region, Kava River, M. zibellina 30 
Russia 
Magadan region, Kava River, M. zibellina 14 
Russia 
Magadan region, Bolshoi Anyui M. zibellina 79 
River, Russia 
Magadan region, Chelomdzha M. z76ellina 30 
River, Russia 
Magadanski preserve, Russia M. zibellina 1,552 
M. erminea are needed to fully explore this contention. Scarcity 
of S. baturini in M. erminea might also be attributed to the 
relatively large size of the nematode, a factor that might inhibit 
its occurrence in the stomach of smaller mustelids. Constraints 
of host and parasite body size are reviewed in Poulin (1998). 
Therefore, ermine could be considered an incidental host and 
subsequently might not be significant in shaping the evolution-
ary past of S. baturini. 
Shrew 
prevalence 
(%) Debris Source 
13.0 Debris Francis and Stephenson, 
1972 
13.0 No mention Thompson and Colgan, 
1987 
10.7 No mention Bateman, 1968 
9.9 No mention Gosse and Hearn, 2005 
7.6 No mention Weckwerth and Hawley, 
1962 
7.5 No mention Quick, 1955 
7.0 No mention Soutiere, 1979 
6.7 Woody debris 23%, rock 2% Zielinski and Duncan, 
2004 
3.5 Moss 1% Cowan and Mackay, 
1950 
1.9 Vegetation 12% Raine, 1987 
1.7 Inorganic matter ignored Buskirk and MacDon-
ald, 1984 
1.2 58% debris Douglass et al., 1983 
1.0 No mention Koehler and Hornocker, 
1977 
0.7 Mentions specific berries Murie,1961 
only 
0 No mention Lensink et al., 1955 
0 Lichen and grass Marshall, 1946 
45.0 17% vegetation Gordon, 1986 
8.0 Debris and vegetation 63% Hargis and McCullough, 
1984 
6.4 5% wood, lichen, grass Bull, 2000 
2.2 Vegetation 8% Zielinski et aI., 1983 
1.6 45% conifer needles, moss, Nagorsen et aI., 1989 
fern fronds 
0 74% vegetation Nagorsen et al., 1991 
0 Debris Putman, 2000 
2.0 No mention Dulkeit, 1929 
0 No mention Buskirk et aI., 1996 
10.0 Seeds 50%, berry 3% Ivanov, 1985 
46.1 Seeds 23%, berry 14% Ivanov, 1985 
2.5 Seeds 25% Ivanov, 1985 
6.7 Seeds 63%, berries 3-10%, Ivanov, 1985 
fruits 60% 
3.9 Seeds 16%, berries and fruits Devyatkin and Ivanov, 
25% 1995 
Paratenic hosts, diet, and transmission 
Experimental infections by ingestion found that only oligo-
chaetes from the Enchytraeidae were suitable intermediate hosts 
for S. baturini (Karmanova, 1963). Whether the definitive host 
directly consumes the infected enchytraeid or is first eaten by 
a paratenic host has been debated (Domnich, 1982; Karpenko, 
1985; Kontrimavichus, 1985; Karmanova, 1986; Karpenko et 
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al., 1998, 2007; Dokuchaev, 2003; Zarnke et aI., 2004). Dom-
nich (1982) proposed that shrews serve as paratenic hosts on 
the basis of morphological similarities between adult S. baturini 
in mustelids and encysted juvenile nematodes in the diaphragms 
of shrews. Dokuchaev (2001, 2003) concluded that the high 
prevalence of juvenile S. baturini (up to 50) in soricids was a 
sufficient year-round source for the maintenance of infection in 
mustelids. 
Molecular evidence revealed that J3 nematodes in shrews 
were identical to definitively identified adult S. baturini in mus-
telids (Fig. 4) from the same localities, thus lending support to 
the hypothesis that a paratenic relationship exists. Recovery of 
mature S. baturini from a mustelid that was fed juvenile nem-
atodes from infected shrews would unequivocally demonstrate 
a role in transmission for species of Sorex and perhaps other 
soricomorphs. 
Juvenile S. baturini found in the diaphragms of shrews 
should not be confused with adults representing 8 other species 
of Soboliphyme known to reach sexual maturity in the stomachs 
of soricomorphs (S. abei, Asakawa et aI., 1988; S. ataahai Gan-
zoring et aI., 2002; S. caucassica Matsaberidze, 1965; S. hiru-
diniformis Kirshenblat, 1964; S. jamesoni Read, 1952; S. oc-
cidentalis Ribas and Casanova, 2004; S. soricis Baylis and 
King, 1932; S. urotrichi Machida and Uchida, 1982). Karpenko 
et aI. (2007) reported finding juvenile S. baturini in species of 
Sorex from Asia and for the first time from North America. 
Juvenile S. baturini have also been reported in Myodes rufo-
canus (Sundevall) (Karpenko et al., 1998), but their identity has 
not been confirmed with molecular genetic assessment. 
Existing literature on diets of M. americana and M. caurina 
indicates that these mustelids eat shrews (Table IV). Of the 27 
papers examined on marten diet, 81 % reported shrews in the 
diet. Shrews composed 8.8% of the diet on average, with a 
range of 0.7% to 46%. Gordon (1986) reported that 45% of the 
diet in a population of Colorado marten consisted of shrews. 
She hypothesized that marten consumed shrews during severe 
winters when the typical prey base was unavailable. An alter-
native hypothesis regarding mustelid infections of S. baturini 
would be the ingestion of oligochaetes, either accidentally with 
debris on food items or by direct consumption. About 50% of 
the diet literature examined mentioned plant or soil debris in 
the host digestive tracts (Table IV); thus, the exact mechanism 
for infection could involve multiple pathways. 
Molecular evidence now links the juveniles of S. baturini in 
shrews with mature S. baturini in definitive mustelid hosts at 
the same geographic locations. Shrew- consumption by marten 
also has been thoroughly documented. What remains unre-
solved is the extent to which marten hosts become infected with 
S. baturini as a result of consuming infected shrews. Sorico-
morphs are distributed throughout a variety of habitats (Nagor-
sen et al., 1996) and are frequently sympatric with mustelids. 
The abundance of shrews, and prevalence of infection for S. 
baturini in potential paratenic hosts, might serve as key deter-
minants of the distribution of this nematode among mustelids 
across high-latitude environments. In turn, the use of parasitic 
juvenile and egg stages greatly increases the availability and 
scope of material to phylogeneticists and population geneticists, 
who often lack sufficient samples from remote or politically 
inaccessible localities (e.g., Jenkins et aI., 2005). 
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APPENDIX. Summary of reported carnivore, rodent, and soricomorph hosts of S. baturini from throughout its Holarctic distribution. Role in the life cycle is indicated for both definitive 
and paratenic hosts. Host ID numbers correspond to the specimens in Figure 2. Locality data, including specific locality, country, and approximate latitude and longitude, are also included. 
Data from unpublished collections: AF = University of Alaska Museum; AK = Alaska; BC = British Columbia; Is. = Island; NWR = National Wildlife Refuge; USNPC = U.S. National 
Parasite Collection; W A = Washington. 
Host 
Alopex lagopus 
Felis catus 
Gulo gulo 
G. gulo 
G. gulo 
G. gulo 
G. gulo 
Lutra lutra 
Martes americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. americana 
M. caurina 
M. caurina 
M. caurina 
M. caurina 
M. caurina 
M. caurina 
M. caurina 
M. fiavigula 
M. fiavigula 
M. melampus 
M. pennanti 
M. pennanti 
M. zibellina 
M. zibellina 
M. zibellina 
M. zibellina 
M. zibellina 
M. zibellina 
M. z. kamtschadalica 
Common name 
Arctic fox 
Domestic cat 
Wolverine 
Wolverine 
Wolverine 
Wolverine 
Wolverine 
Euronean otter 
Amencan marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
AmericllIl marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
American marten 
Yellow-throated marten 
Yellow-throated marten 
Japanese marten 
Fisher 
Fisher 
Sable 
Sable 
Sable 
Sable 
Sable 
Sable 
Sable 
Role ill Locality 
D 
D 
D 
D 
D 
D 
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D 
D 
D 
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D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
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71 St. Lawrence Is., AK 
66 Kamchatka 
80 Brooks Range, AK 
20 Buryatia, east of Lake Baikal 
111 Montana 
112 Quebec 
17 Russia, Baikal 
2 Altai 
77 Chena River, Fairbanks 
84 Chichagof Is., AK 
98 Farragut Bay, AK 
104 Francois Lake, BC 
94 Kupreanof Is., AK 
74 McGrath, AK 
101 Mitkof Is., AK 
76 Northern Alaska 
97 Port Houghton, AK 
95 Pt. Highland, AK 
103 Revillagigedo Is., AK 
87 Southeastern Alaska 
75 Southwestern Alaska 
100 Thomas Bay, AK 
96 Windham Bay, AK 
106 Wisconsin, Madison 
79 Yukon Flats, AK 
88 Kruzof Is., AK 
91 Admiralty Is., AK 
109 Idaho 
92 Kuiu Is., AK 
102 Queen Charlotte Islands, BC 
105 Vancouver Island, BC 
107 Washington (North Cascades) 
108 Pullman, W A 
43 Khabarovskii krai 
26 Primorskii krai 
46 Akita, Aomori 
110 Montana, Flathead 
89 Juneau, AK 
3 Altai 
11 Irkutsk and Buryatia 
67 Kamchatka 
41 Khabarovskii krai 
10 Tuva 
53 Chelomdzha River, Magadan 
68 Kamchatka 
Country 
U.S. 
Russia 
U.S. 
Russia 
U.S. 
Canada 
Russia 
Russia 
U.S. 
U.S. 
U.S. 
Canada 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
U.S. 
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Canada 
U.S. 
U.S. 
Russia 
Russia 
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U.S. 
U.S. 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
AuthorlData source 
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Swanson, USNPC 084031.00 
Kontrimavichus, 1985 
Price, 1930 
Bezdek, 1942 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Swartz, 1968; this study 
This study 
This study 
This study 
This study 
This study 
This study; Bezdek, 1942 
Zarnke et aI., 2004 
This study 
This study 
This study 
Zamke et aI., 2004 
Zarnke et aI., 2004 
This study 
This study 
Morgan, USNPC 044742.00 
This study 
AF 19914 
This study 
Marshall, USNPC 043903.02 
This study 
This study 
This study 
Hoberg et aI., 1990 
Gorham, USNPC 047327.00 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Sato et aI., 1999 
Worley, USNPC 067206.00 
AF 24441 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Domnich and Obushenkov, 1983 
Kontrimavichus, 1985 
Latitude Longitude 
63.70 
56.00 
68.00 
53.00 
46.58 
54.00 
53.00 
52.50 
64.83 
57.87 
57.12 
53.98 
56.78 
63.13 
56.58 
70.00 
57.32 
57.15 
55.65 
57.80 
62.96 
57.02 
57.57 
48.45 
66.15 
57.13 
57.53 
45.00 
56.53 
53.25 
49.67 
47.00 
46.72 
48.01 
46.00 
39.75 
47.88 
58.58 
52.50 
52.30 
56.00 
51.20 
53.00 
60.27 
56.00 
-171.70 
160.00 
-147.00 
109.00 
-112.03 
-72.00 
107.67 
83.00 
-147.70 
-135.77 
-133.23 
-126.43 
-133.48 
-156.52 
-132.80 
-151.50 
-133.33 
-133.45 
-131.50 
-135.70 
-155.60 
-132.85 
-133.45 
-121.10 
-147.55 
-135.55 
-134.25 
-115.00 
-134.05 
-132.00 
-125.83 
-120.00 
-117.17 
136.81 
134.00 
140.08 
-114.12 
-134.83 
83.00 
104.25 
160.00 
136.74 
96.00 
147.61 
160.00 
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APPENDIX. Continued. 
Host 
M. z. princeps 
M. z. sahalinensis 
Meles meles 
Mustela altaica 
M. altaica 
M. erminea kaneii 
M. erminea 
M. erminea 
M. erminea 
M. erminea 
M. erminea 
M. erminea 
M. eversmanni 
M. e. michnoi 
M. lutreola 
M. nivalis 
M. sibirica 
M. sibirica 
M. sibirica 
M. sibirica 
M. sibirica 
M. sibirica 
M. sibirica 
Neovison vison 
N. vison 
N. vison 
N. vison 
N. vison 
N. vison 
N. vison 
N. vison 
Nyctereutes procyonoides 
Prionailurus bengalensis euptilurus 
Vulpes vulpes 
V. vulpes 
V. vulpes 
V. v. beringiana 
V. v. daurica 
Myodes rufocanus 
Sorex caecutiens 
S. caecutiens 
S. caecutiens 
S. caecutiens 
S. caecutiens 
S. caecutiens 
S. camtschaticus 
S. cinereus 
Common name 
Sable 
Sable 
European badger 
Mountain weasel 
Mountain weasel 
Baikal ermine 
Ermine 
Ermine 
Ermine 
Ermine 
Ermine 
Ermi~e 
Steppe polecat 
Baikal steppe polecat 
European mink 
Least weasel 
Siberian weasel 
Siberian weasel 
Siberian weasel 
Siberian weasel 
Siberian weasel 
Siberian weasel 
Siberian weasel 
American mink 
American mink 
American mink 
American mink 
American mink 
American mink 
American mink 
American mink 
Raccoon dog 
Leopard cat 
Red fox 
Red fox 
Red fox 
Red fox 
Daurian fox 
Gray red-backed vole 
Laxmann's shrew 
Laxmann's shrew 
Laxmann's shrew 
Laxmann's shrew 
Laxmann's shrew 
Laxmann's shrew 
Kamchatka shrew 
Cinereus shrew 
Role 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
D 
P 
P 
P 
P 
P 
P 
P 
P 
P 
ID 
18 
49 
4 
21 
12 
13 
93 
69 
90 
8 
24 
70 
22 
14 
1 
39 
5 
23 
15 
40 
27 
35 
9 
6 
78 
42 
99 
28 
36 
25 
54 
31 
37 
32 
38 
19 
65 
16 
7 
58 
50 
55 
63 
44 
30 
59 
81 
Locality 
Trans Baikal region 
Sakhalin Is. 
Altai 
Buryatia, east of Lake Baikal 
Irkutsk and Buryatia 
Irkutsk and Buryatia 
Admiralty Island, AK 
Omolon R., Chukotka 
Juneau, AK 
Tuva 
Yakutia 
Lower Kolyma River, Yakutia 
Buryatia, east of Lake Baikal 
Irkutsk and Buryatia 
Chuvashia 
Khabarovskii krai 
Altai 
Buryatia, east of Lake Baikal 
Irkutsk and Buryatia 
Khabarovskii krai 
Primorskii krai 
Sikhote-Alin' Preserve 
Tuva 
Altai 
Chena River, Fairbanks 
Khabarovskii krai 
Mitkof Is., AK 
Primorskii krai 
Sikhote-Alin' Preserve 
Yakutia 
Chelomdzha River, Magadan 
Khabarovskii krai 
Sikhote-Alin' Preserve 
Khabarovskii krai 
Sikhote-Alin' Preserve 
Trans Baikal region 
Kamchatka Cape of Lopatka 
Irkutsk and Buryatia 
Tomskaya Oblast 
Magadan (Snow Valley) 
Okhotsk village 
Talon village 
Buyunda River, Magadan 
Bol'shoy Shantar Is. 
Lazovski Nature Preserve 
Magadan (Snow Valley) 
Alaska 
Country 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
U.S. 
Russia 
U.S. 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
U.S. 
Russia 
U.S. 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
Russia 
U.S. 
AuthorlData source 
Kontrimavichus, 1985 
Shimakura and Odajima, 1934 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Koehler, unpubl. data 
Domnich and Obushenkov, 1983 
Schmidt and Kinsella, 1965 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Gubanov, 1964 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Swartz, 1968 
Kontrimavichus, 1985 
This study 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Domnich and Obushenkov, 1983 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Kontrimavichus, 1985 
Petrov, 1930 
Kontrimavichus, 1985 
Karpenko et al., 1998 
Dominch, 1982; this study 
This study 
This study 
This study 
This study 
This study 
Dokuchaev, 2003 
This study 
Latitude 
53.00 
51.00 
52.50 
53.00 
52.30 
52.30 
57.44 
65.23 
58.40 
51.50 
60.00 
68.54 
53.00 
52.30 
55.50 
49.31 
52.50 
53.00 
52.30 
49.31 
46.00 
45.20 
51.50 
52.50 
64.83 
51.20 
56.68 
46.00 
45.20 
60.00 
60.27 
48.80 
45.20 
48.80 
45.20 
53.00 
50.86 
52.30 
56.46 
59.73 
59.37 
59.75 
62.43 
54.87 
43.26 
59.73 
65.44 
Longitude 
107.67 
143.00 
83.00 
109.00 
104.25 
104.25 
-133.84 
160.55 
-134.50 
95.00 
121.00 
160.82 
109.00 
104.25 
47.00 
136.53 
83.00 
109.00 
104.25 
136.53 
134.00 
136.50 
95.00 
83.00 
-147.70 
136.74 
-132.92 
134.00 
136.50 
121.00 
147.61 
135.45 
136.50 
135.45 
136.50 
107.67 
156.68 
104.25 
84.96 
150.87 
143.35 
148.65 
153.34 
137.49 
134.24 
150.87 
-142.44 
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ApPENDIX. Continued. 
Host 
S. cinereus 
S. cine reus 
S. cinereus 
S. daphaenodon 
S. daphaenodon 
S. gracillimus 
S. gracillimus 
S. isodon 
S. isodon 
S. isodon 
S. isodon 
S. isodon 
S. isodon 
S. tundrensis 
S. tundrensis 
S. unguiculatus 
S. unguiculatus 
S. unguiculatus 
S. unguiculatus 
Common name Role 
Cinereus shrew P 
Cinereus shrew P 
Cinereus shrew P 
Siberian large-toothed shrew P 
Siberian large-toothed shrew P 
Slender shrew P 
Slender shrew P 
Taiga shrew P 
Taiga shrew P 
Taiga shrew P 
Taiga .shrew P 
Taiga shrew P 
Taiga shrew P 
Tundra shrew P 
Tundra shrew P 
Long-clawed shrew P 
Long-clawed shrew P 
Long-clawed shrew P 
Long-clawed shrew P 
ID Locality 
85 Chichagof Is., AK 
72 Togiak NWR 
82 Yukon-Charley Rivers N P 
33 Khabarovskii krai 
60 Magadan (Snow Valley) 
61 Magadan (Snow Valley) 
51 Okhotsk village 
52 Okhotsk village 
57 Magadan 
62 Magadan (Snow Valley) 
56 Talon village 
64 Buyunda R., Magadan 
45 Bol'shoy Shantar Is. 
73 Togiak NWR 
83 Yukon-Charley Rivers National Preserve 
29 Lazovski Nature Preserve 
34 Khabarovskii krai 
47 Sakhalin Is. 
48 Sakhalin Is. 
Country AuthorlData source 
U.S. Karpenko et aI., 2007 
U.S. Karpenko et aI., 2007 
U.S. Karpenko et aI., 2007 
Russia Karpenko, 1985 
Russia Dominch, 1982 
Russia Dokuchaev, 2003 
Russia This study 
Russia This study 
Russia Dominch, 1982 
Russia This study 
Russia This study 
Russia This study 
Russia This study 
U.S. This study 
U.S. Karpenko et aI., 2007 
Russia This study 
Russia This study 
Russia Dokuchaev, 2003 
Russia This study 
Latitude 
57.41 
59.05 
63.83 
51.67 
59.73 
59.73 
59.37 
59.37 
59.63 
59.73 
59.75 
62.43 
54.87 
59.05 
63.83 
43.28 
48.14 
50.84 
47.24 
Longitude 
-135.71 
-160.37 
-142.16 
135.74 
150.87 
150.87 
143.35 
143.35 
150.83 
150.87 
148.65 
153.34 
137.49 
-160.37 
-142.16 
134.05 
136.35 
142.65 
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THE SUGAR GLIDER (PETAURUS BREVICEPS): A LABORATORY HOST FOR THE 
NEMATODE PARASTRONGYLOIDES TRICHOSURI 
Thomas J. Nolan, Xiaodong Zhu, Andrea Ketschek, Joan Cole*, Warwick Grantt, James B. Lok, and Gerhard A. Schad 
University of Pennsylvania, 3800 Spruce Street, Philadelphia, Pennsylvania 19104. e-mail: parasit@vet.upenn.edu 
ABSTRACT: Parastrongyloides trichosuri is a nematode parasite of the Australian brush-tailed possums that can be propagated 
through many generations in vitro. This makes P. trichosuri uniquely suited for genetic investigations, including those involving 
transgenesis. However, an obstacle to its use as an experimental model has been the fact that its host is limited to Australia and 
New Zealand and that it cannot be exported because of its status as a protected species or agricultural pest, respectively. In 
previous studies, conventional laboratory animals such as rats, mice, rabbits, ferrets, and chickens have failed to support infections. 
In the present study, gerbils and short-tailed opossums proved similarly refractory to infection. In contrast, the sugar glider 
(Petaurus breviceps, family Petauridae) proved to be a good host for P. trichosuri. Patent infections resulted using as few as 6 
infective larvae (L3i) and as many as 2,000 L3i. Large numbers of L3i (1,000-2,000) produced patent infections of much shorter 
duration than those seen when 100 L3i were initially given to the sugar glider. In one case, an infection initiated with 100 L3i 
was patent for over I yr. Parastrongyloides trichosuri is easily cryopreserved using a method developed for Strongyloides 
stercora lis. Thus, we have identified an experimental host for P. trichosuri that will make it possible to conduct research on this 
parasite in laboratories outside the endemic sites. 
Parastrongyloides trichosuri, first described by Mackerras 
(1959) from the Australian brush-tailed possum, Trichosurus 
vulpecula, has also been reported from T. caninus (Spratt et aI., 
1991), and the recently described T. cunninghami (Viggers and 
Spratt, 1995; Lindenmayer et aI., 2002). Parasitic males and 
females are found in the small intestine of the possum, and eggs 
pass out with the feces. Outside the host, eggs hatch and the 
larvae develop into free-living males and females. This nema-
tode may undergo many free-living generations in the soil, but 
under conditions of starvation or crowding, some larvae devel-
op into a morphologically distinct infective third-stage larvae 
(L3i; Grant et aI., 2006). These L3i penetrate the host's skin 
and eventually reach the small intestine where they develop to 
the parasitic adult stage. 
That P. trichosuri can undergo a virtually unlimited number 
of free-living generations makes this parasite especially useful 
for genetic investigations of parasitic nematodes (Crook et aI., 
2005). However, an obstacle to its use in laboratory investiga-
tions is that its natural host, the brush-tailed possum, is an ag-
ricultural pest (Cowan et aI., 2006) and a reservoir of bovine 
tuberculosis in the Australasian region, and it is banned from 
import into most countries. Attempted infections of rats, mice, 
rabbits, ferrets, and chickens failed (Ralston et aI., 2002). Here, 
we report our successful infection of the sugar glider, Petaurus 
breviceps, an Australian marsupial and our unsuccessful attempts 
to infect gerbils, and South American short-tailed opossums. 
MATERIALS AND METHODS 
. , 
Parastrongyloides trichosuri 
The organism was originally shipped to the United States as a culture 
of free-living stages from an infected T. vulpecula in New Zealand. 
This culture was passaged twice a week onto NGM plates with Esch-
erichia coli strain HB 101 as described previously (Grant, 2006), with 
the exception that an autoclaved gerbil fecal pellet was substituted for 
the possum fecal extract. The cultures were kept in a moist chamber at 
20 C. Subsequent cultures were started from nematodes obtained from 
Received 19 February 2007; revised 2 April 2007; accepted 5 April 
2007. 
* Present address: Animal Care Services, University of Florida, P.O. 
Box 100006, Gainesville, Florida 32611. 
t Department of Genetics, R. L. Reid Building, La Trobe University, 
Bundoora, Victoria 3086, Australia. 
charcoal coprocultures made from the feces of infected P. breviceps. 
Larvae were recovered from these cultures after 24 hr of incubation at 
20 C with a Baermann apparatus and transferred onto the NGM plates. 
L3i were obtained from cultures that had been allowed to grow for 2 
or more weeks and thus depleted of bacteria. To develop the capacity 
to store many different isolates and transgenic lines of this nematode, 
we undertook the following cryopreservation study. The free-living 
stages were washed and incubated in the cryoprotectant (10% dimethyl 
sulfoxide [DMSO] and 10% dextran; Nolan et a!., 1988) for 0, 30, or 
75 min at room temperature. Once incubated in the cryoprotectant, they 
were placed in either a -75 C freezer or the vapor phase of liquid 
nitrogen for 3-8 days. The worms were thawed quickly under hot run-
ning water and washed twice in Dulbecco's modified Eagle's medium. 
Once washed, they were transferred to 5 ml of an invertebrate saline 
solution (BU; Hawdon and Schad, 1991), and stored at 26 C for 24 hr. 
The percentage of larvae that survived was recorded at 2 different time 
points, approximatelylO min and 24 hr thawing. The Fisher exact test 
was used to compare survival rates. 
Animals 
Water and commercially formulated pelleted diets (Purina Mills, St. 
Louis, Missouri) were available to all animals ad libitum. In addition 
to pelleted food (Animals Exotique, Pearland, Texas), the sugar gliders 
were given fresh fruit sprinkled with a calcium supplement and hard 
boiled eggs daily. 
Outbred male Mongolian gerbils (Meriones unguiculatus) were ob-
tained from Charles River Laboratories, Inc. (Wilmington, Massachu-
setts) and used between 2 and 4 mo of age. Two gerbils were inoculated 
subcutaneously (s.c.) with 200 L3i and necropsied 3 wk later. One gerbil 
was inoculated with 600 L3i SC and necropsied 8 wk later. Four gerbils 
were inoculated with 2,000 L3i SC and necropsied 4 wk later. All in-
fected gerbils were given an s.c. injection of 2 mg of methylpredniso-
lone acetate (MPA; Depo-Medrol, Pharmacia, Kalamazoo, Michigan) at 
the time of infection and weekly thereafter. Necropsy and examination 
of the small and large intestine for worms were done as described by 
Nolan et al. (1993) for gerbils infected with Strongyloides stercoralis. 
Feces were collected twice a week by placing the gerbils for 6 to 12 hr 
in a cage with a wire grid suspended above wet cardboard covering the 
cage bottom. Feces were mixed with bone-charcoal and placed in a petri 
dish containing a filter paper disk saturated with water. These charcoal 
coprocultures were incubated at 20 C in a humid environmental cham-
ber for 3 to 5 days before being examined for free-living P. trichosuri 
using a Baermann apparatus and a stereomicroscope at x20 magnifi-
cation. 
Male short-tailed opossums (Monodelphis domestica) were obtained 
from the Southwest Foundation for Biomedical Research (San Antonio, 
Texas) and used between 3 and 4 mo of age. One opossum was injected 
s.c. with 70 L3i and I with 430 L3i. The feces from these 2 animals 
were collected and cultured twice a week as described above for gerbils. 
The first opossum was necropsied at 32 days postinfection (PI), whereas 
the other opossum was necropsied at 33 days PI. 
1084 
NOLAN ET AL-PETAURUS BREVICEPS AS A HOST FOR P TRICHOSURI 
R.tnr.et.d 1000 
A. and 2000 wl1h Egg OU1Put cu., 87 and 810 L.31. 
1'1 2000 and 1000. R.sP4tctlV.ly. 
Inoculation "'P4tCtwtfy. ~ NecrOPSH L..1st posltw 
100 RO. ~ ..calror 1000 , • L3i 500 t t /I t I (,' I I I I I I Numb .... 1000 0 14 4045 ( 76 85 105 112 125 146 
B. 
c. 
100 
L3Ie •. 
2000 
1 glider. 
each dolt 
Inoculation 
6 -10 L3i 
~ 
gliders 
Inoculation 
Fresh I:lf'VH: 
28-tO 
generatlol'n 
in cuIttrlt 
12 glldws) 
t t 
Begin W .. kly 
monltor1llg MPAs~d 
"cal egg In 1000 and 
outp~. 
I t 
o 7 
t 
Begin 
monttortng 
fecal egg 
output 
I 
0 13 
t 
2000 
2t 
t 
Necropsy. 
Adulworm 
counb 
Reinoculated 
se.,-cured 
glider (99L31) 
~ 
II I fl I 
151 
" 
303 
t 
t 
N.cropMd 
100. 
Rtlnoculated 
."'-<lur.d 
glider (69L31) 
~ 
I 
317 
Cryop...-MNI Begin W.ekly 
l'Ionltorlng MPA started Io"VM: 
10t11 culhn f.calegg In .elf· 
p ...... : output cured glider 
frOMn '"d~s 
t1 glldw) 
t 
Egg~ut 
ntsulMd In 
1000 
.. To the end of 
patency 
1085 
FIGURE 1. Diagrammatic representatiQilS of experimental protocols for ~xperimental infections of sugar gliders (Petaurus breviceps) with 
Parastrongyloides trichosuri (time line in days). (A) Investigation I, designed to assess the effect of parasite number on the onset and duration 
of patent infection. (B) Investigation 2, designed to identify the minimum infection dose of P. trichosuri L3i in P. breviceps. (C) Investigation 
3, designed to ascertain the infectivity of cryopreserved L3i, as well as the maximum duration of patency. 
Adult male sugar gliders were obtained from the unsalable stock of 
breeders in the United States who were raising the animals for the 
domestic pet trade. Available gliders were retired breeders and others 
that could not be sold to the pet trade. Thus, we do not know the actual 
age of these animals. Fecal examinations were done using the zinc 
sulfate centrifugational technique when the gliders first arrived in our 
facility. Only one glider was found to be infected with a parasite, Hy-
menolepis nana, a common tapeworm of rodents bought in pet stores 
(Duclos and Richardson, 2000). It was successfully treated with prazi-
quantel (11 mg s.c.). The sugar gliders were kept in a large wire cage 
equipped with stocking-like sleeping pouches and a fecal collection pan 
beneath the wire cage bottom (Animals Exotique, Pearland, Texas). 
These highly social marsupials were housed 3 to 5 in a cage at all times. 
They were inoculated with between 10 and 2,000 L3i of P. trichosuri 
(the number depended on the experiment) by s.c. injection in the right 
rear flank. In Investigation 1, which was designed to assess the effects 
of parasite dose on the outcome of infection (Fig. lA), 4 sugar gliders 
were each given a different number of L3i: 100, 500, 1,000, or 2,000. 
After the infection was no longer patent in 2 of these gliders, they were 
given weekly subcutaneous injections of 2 mg of methylprednisolone 
acetate beginning on day 76 PI and continuing until the end of the study 
on day 158 PI in an attempt to reactivate the infection. These animals 
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were reinfected on day 97 PI after 3 injections of the steroid; the glider 
that had originally been given 1,000 L3i was injected with 97 L3i, and 
the glider that had received 2,000 L3i was injected with 974 L3i. In 
Investigation 2, which was designed to identify the minimum number 
of L3i needed to establish an infection, each of 5 gliders was given a 
nominal 10 L3i (counts of larvae left in the syringe after injection 
showed that the animals received between 6 and 10 L3i). The animals 
in these 2 investigations were necropsied as described above, with the 
time of necropsy varying with the study. In Investigation 3, 3 gliders 
were inoculated with 100 L3i; 2 of the animals received larvae recov-
ered from a culture that had been made originally from the feces of an 
infected sugar glider (from Investigation 1, designated UPPtI004) and 
passed continuously for 28 to 40 generations. The third glider was given 
larvae from a culture made with worms from the original New Zealand 
strain (10th passage) that had been cryopreserved for 186 days. The 
infections in gliders in Investigation 3 were followed by fecal culture 
to determine the maximum duration of the infection. 
The final experiment was designed to determine the course of a sec-
ondary P. trichosuri infection in sugar gliders that had cleared a primary 
infection with the parasite. Three gliders were reinfected with P. tri-
chosuri after egg passage ended. Two of these animals (from Investi-
gation 1) were given 2 mg of MPA, s.c. on a weekly basis before 
injecting them with L3i (97 or 974 larvae), whereas the third animal 
(from Investigation 3) was not immunosuppressed with the steroid be-
fore inoculating it with 99 L3i. Later, this glider was given a third 
inoculation with 69 L3i after weekly injections of MPA had begun. 
Feces were collected from individual sugar gliders by removing the 
animals from their sleeping pouch, placing them on the wire floor of 
the cage, and allowing them to defecate into a clean pan beneath the 
cage. Using this method, 0.20 ± 0.13 g (range 0.01-0.59 g) of feces 
was collected from individual gliders in about 10 min. Gliders were 
marked with an ear punch for individual identification. 
Enumeration of eggs in fecal samples 
Two methods were used to determine the egg output from infected 
sugar gliders. Fresh fecal pellets were collected from individual gliders 
as described above, and the total weight of the collected feces was 
recorded. In the first method, the feces were examined using the zinc 
sulfate centrifugational technique (Faust et aI., 1938). The numbers of 
eggs seen on the slides were counted, and the eggs per gram of feces 
(EPG) was calculated by dividing the number of eggs found by the 
weight of feces examined. In the second method, the feces were 
weighed, mixed with 2 g of bone-charcoal, and transferred to a moist 
paper disk in a petri dish (60 X 15 mm). This mixture was incubated 
at 20 C for 24 hr and then placed into a Baermann apparatus for 6 hr 
to recover the larvae for counting. The EPG was calculated by divi<;ling 
the number of larvae recovered by the weight of the feces initially 
cultured. A comparison of these techniques was made by thoroughly 
mixing individual fecal samples and using an aliquot from the mixture 
for each method. This comparison was repeated on a total of 8 fecal 
samples. In both techniques, the limit of detection was dependent on 
the amount of feces collected and theoretically varied from 2 to 100 
EPG. 
# ' 
RESULTS 
Infections in gerbils and South American short-tailed 
opossums 
Nine gerbils were injected with L3i, but none was found 
infected on necropsy (3-8 wk after injection). No worms were 
seen in fecal cultures, nor were eggs seen in ZnS04 flotations 
made at various times between infection and necropsy. Cultures 
made between days 9 and 30 PI from the feces of the 2 injected 
M. domestica opossums were negative for P. trichosuri, and no 
worms were found in the intestine or body of these animals at 
necropsy. 
Infection of P. breviceps-Investigation 1: Effect of dose 
All tested doses (100-2,000) of P. trichosuri L3i led to pat-
ent infections in the injected sugar gliders. A composite fecal 
specimen was positive at 10 days PI (the first day examined) 
and all 4 gliders were patent by 20 days (the first time point at 
which individuals were examined). The maximum EPG, as de-
termined by the flotation method, occurred early in the infection 
(between days 20 and 27 PI in gliders receiving 100, 1,000, 
and 2,000 L3i, and on day 48 PI for the animal receiving 500 
L3i). The maximum EPGs were directly related to infecting 
dose, and they ranged from 1,852 to 12,800 EPG. The gliders 
infected with 100 and 500 L3i were killed on days 105 and 85 
PI, respectively, due to complications arising from ocular bac-
terial infections. Both of these gliders had 22 adult worms in 
the small intestine at the time of death. These worm burdens 
represent 22 and 4.4% of the larvae initially inoculated (100 
and 500, respectively). The gliders given 1,000 or 2,000 L3i 
were last patent on days 45 and 40 PI, respectively. They re-
ceived steroids for 3 wk beginning on day 76 PI, but no eggs 
were seen in the feces over that time; in fact, no eggs were 
observed in the feces of either glider from day 45 to day 124 
PI. They were reinfected on day 112 PI. The glider injected 
with 97 L3i (originally infected with 1,000 L3i) became patent 
12 days later, and it remained so for at least 22 days. At nec-
ropsy, 46 days after reinfection, this glider had 2 female adult 
worms in the small intestine (2.1 % of the reinfecting dose). The 
glider reinfected with 974 L3i (having originally received 2,000 
L3i) never became patent, and no worms were seen in the in-
testine at necropsy 46 days after reinfection. 
Investigation 2: Determining a minimum dose 
In this investigation, we attempted to infect sugar gliders with 
only 10 L3i, because it was assumed that the number of larvae 
available after genetic transformation might be severely limited. 
Because some larvae were left in the syringe after injection, 
the actual numbers of worms injected were 6, 6, 8, 9, and 10. 
The 3 sugar gliders that received the higher doses were patent 
on day 15 PI; one sugar glider that received 6 L3i was patent 
on day 16 PI. The second animal receiving 6 L3i was never 
patent by the flotation method, but it was patent by culture on 
day 25 PI (the only time point at which it was cultured). The 
maximum EPG ranged from 8 to 50 for the individual gliders 
found patent by the flotation method, but there was no corre-
latio,n between infecting dose and the maximum EPG. Feces 
from 3 of the sugar gliders were cultured on days 22 and 25 
PI, and cultures from the other 2 were made on one of these 
days. The sugar glider that received 9 larvae was not patent by 
culture on the 2 days its feces were cultured (22 and 25 days 
PI); all other animals were positive each time their feces were 
cultured. Thus, all 5 gliders were found to be patent by either 
the flotation or the culture method by 25 days PI. These gliders 
were necropsied on day 28 PI, and all had adult worms in their 
small intestines (range 1-5 worms, accounting for 16.7-55.6% 
[ic = 36.6%J of the inoculated worms). No worms were found 
in the large intestine or in the body tissues of any necropsied 
sugar glider, either in this study or in Investigation 1. The sugar 
glider that received 9 L3i, and was never positive by culture, 
had only female worms at necropsy. 
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Investigation 3: How long do infections persist? 
When the EPGs of 8 fecal samples were compared by the 
flotation and culture methods, the culture method always pro-
duced a larger value, and this was statistically significant when 
tested with the nondirectional Wilcoxon test (W = - 36, P = 
0.01). The EPG values determined by the culture method were 
9.3 times greater, on average, than those determined using our 
flotation method; therefore, the EPG values for this final inves-
tigation were obtained using the culture method. 
The 2 gliders infected with L3i from continuously cultured 
worms were patent by day 19 PI. The third glider was kept with 
the 2 infected gliders for 44 days before it was injected with 
cryopreserved L3i; no eggs were observed until day 11 PI (36 
days after the first 2 gliders had become patent), suggesting that 
animal-to-animal transmission was not taking place under the 
housing conditions in this study. For the rest of this analysis, 
these 3 animals were considered as having been infected with 
identical doses. The prepatent period, as determined from the 
8 gliders in Investigations 2 and 3, was 16.8 ± 4.2 days. 
One glider infected with L3i from the sugar glider-derived 
isolate UPPt1004 remained patent for at least 453 days, whereas 
the other animal receiving L3i from this isolate was last patent 
on day 89 PI (70 days of patency; see Fig. 2A, C, respectively). 
The glider receiving the cryopreserved New Zealand strain L3i 
(see Fig. 2B) was last patent on day 279 PI (269 days of pa-
tency). 
The sugar glider that was last patent on day 89 PI was given 
a second inoculation of 99 L3i on day 156 PI, but it did not 
become patent any time over the next 177 days (out to day 333 
postinitial inoculation). On day 303 after the first inoculation, 
this animal was started on weekly injections of MPA, and on 
day 317 (161 days after the second inoculation), it was given 
a third inoculation (69 L3i) and became patent 20 days later. 
Weekly MPA injections were discontinued 35 days after the 
third inoculation, and the sugar glider remained patent for an 
additional 68 days (a total of 83 days of patency). Larvae col-
lected from charcoal coprocultures made on day 36 of this last 
inoculation were plated onto the standard agar culture plates 
and passaged 10 times before being cryopreserved. 
Cryopreservation 
Incubation in the cryoprotectant before freezing was found 
to be deleterious to the worms during cryopreservation in liquid 
N2 vapor. With no incubation, there was a 39% survival at 10 
min postthawing versus 12% survival with 75-min incubation 
(P < 0.0001). Survival was higher whe~ the worms were frozen 
(with no incubation in the cryoprotectant) at -75 C than when 
freezing was done in the liquid N2 vapor phase (51 and 39% 
survival, respectively, when measured at 10 min postthawing; 
P = 0.0285). There was no difference in survival when the 
worms were examined at 24 hr postthawing compared with 10 
min postthawing (P = 0.2 for freezing at -75 C and P = 0.7 
for freezing in the liquid N2 vapor phase). In the experiments 
using no incubation and freezing at -75 C, more larvae 
(59.3%) survived thawing than adults (38.1 %; P < 0.0001), and 
by 24 hr postthawing all adults had died, but the larvae had 
continued to develop to adulthood, and the thawed worms could 
be cultured for many generations. Third-stage larvae recovered 
from cultures made from worms thawed after cryopreservation 
at -75 C (with no incubation before freezing) were able to 
produce an infection in a sugar glider. This infection became 
p&tent at 11 days PI and persisted for at least 279 days, values 
similar to infections started by L3i that were derived from con-
tinuously cultured worm populations (see results of Investiga-
tion 3). 
DISCUSSION 
Parastrongyloides trichosuri is a parasitic nematode uniquely 
suited for the investigation of the genetic control of the infec-
tive process (Grant et aI., 2006; Newton-Howes et al., 2006). 
The unlimited generations in its free-living cycles will allow 
for the isolation of transgenic lines, which could then be forced 
into the infective L3 for infection of the host. The major ob-
stacle to general use of this nematode as a laboratory model 
has been the lack of a host that was widely available outside 
the endemic zone. The natural definitive host, the brush-tailed 
possum, can be used only in countries where it exists naturally 
(Australia and New Zealand), because its importation to other 
countries is banned due to its status as a carrier of bovine tu-
berculosis and an agricultural pest. Additionally, its size (3-4 
kg) and its aggressive disposition are problematic in adapting 
it as a laboratory host. Furthermore, wild-caught possums from 
areas where P. trichosuri is present have presumably been pre-
viously infected. Common laboratory animals such as rats, 
mice, rabbits, ferrets, and chickens have proven refractory to 
P. trichosuri (Ralston et al., 2002). In this study, we attempted 
to infect a limited number of gerbils, and short-tailed opossums, 
but no patent infections resulted in any of these animals. 
An unidentified species of Parastrongyloides has been re-
ported from sugar gliders in Australia (Spratt et aI., 1991), 
where T. vulpecula and P. hreviceps are native species. In the 
studies reported above, we found that the sugar glider could 
easily be infected with P. trichosuri and that the infections 
could remain patent for more than 1 yr. In our studies, sugar 
gliders infected with P. trichosuri passed eggs as early as 10 
days PI, with an average observed prepatent period of 16.9 ± 
4.2 days. The prepatent period in T. vulpecula (the natural host) 
inoculated with 1,000 L3i, has been reported as 14 days, with 
patent infections lasting between 29 and 274 days (Grant et al., 
2006). In sugar gliders inoculated with 100 L3i (Investigation 
3), the animals remained patent for 70 to more than 436 days. 
In contrast, the 2 sugar gliders infected with 1,000 or 2,000 L3i 
(Investigation 1) remained patent for only 45 days or less. 
Although sugar gliders are bred in captivity and available 
from commercial suppliers, they are not to our knowledge cur-
rently used as laboratory animals, so their availability is limited 
and they are expensive. Thus, we assessed the possibility of 
reinfecting sugar gliders that had self-cured. In 2 of the 3 ani-
mals given MPA before reinoculation, patent infections were 
produced that lasted for 21 and 83 days. Both of these infec-
tions resulted in sufficient fecal egg output to initiate cultures 
of free-living stages (Fig. 2C). The self-cured sugar glider that 
did not become patent after reinoculation and treatment with 
steroids was initially infected with 2,000 L3i and reinoculated 
with 973 L3i. It is possible that the immunity developing after 
the initial infection was, in this case, strong enough to prevent 
reinfection despite steroid treatment. The self-cured animal that 
was exposed to 99 L3i without being given steroids did not 
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FIGURE 2. Fecal egg output from sugar gliders inoculated with 100 
L3i (Investigation 3). Points represent fecal egg counts obtained by the 
culture method and expressed as EPG. Points plotted as 0 EPG denote 
that no worms were seen in cultured feces, i.e., below the limit of 
detection. (A) Sugar glider infected with UPPtlO04 strain larvae. (B) 
Sugar glider infected with New Zealand strain larvae that had been 
cryopreserved. (C) Sugar glider infected with the UPPtlO04 strain lar-
vae. This animal was reinoculated twice (arrows), at 156 days post-PI 
with 99 L3i and at day 317 PI with 69 L3i. Weekly steroid injections 
were given between days 303 and 352 PI. 
develop a patent infection. Thus, if a sugar glider that has self-
cured (or otherwise outlived its infection) is treated with ste-
roids, it can be reinfected and enough eggs produced to initiate 
new cultures. The ability to reinfect the sugar glider, coupled 
with the ability to cryopreserve P. trichosuri, provides a safe-
guard against loss of genetic lines due to unforeseen circum-
stances during passage in vitro. Regarding cryopreservation of 
larvae, the addition of dextran to the cryoprotectant was prob-
ably unnecessary, because we found a similar percentage sur-
vival among thawed parasites (59%) as seen by Grant et al. 
(2006) when 10% DMSO alone was used as the cryoprotectant 
(75%). 
Because the number of L3i in the initial stages of establishing 
a transgenic line is likely to be small, we infected sugar gliders 
with between 6 and 10 worms, numbers that we thought would 
be available in the initial development of a transgenic line. We 
were able to produce patent infections in all 5 of the animals 
that we infected with these low doses. Thus, the sugar glider 
seems to be a good laboratory host for working with low num-
bers of P. trichosuri, and it is therefore useful in transgenic 
studies. 
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LIFE CYCLE OF STEPHANOPRORA URUGUA YENSE (DIGENEA: ECHINOSTOMATIDAE) 
IN ARGENTINA 
Margarita Ostrowski de Nunez 
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de Buenos Aires, Ciudad Universitaria, Pabell6n II, Lab. 52, C1428EHA Buenos Aires, Argentina. e-mail: ostrowski@bg.fcen.uba.ar 
ABSTRACT: The life cycle of Stephanoprola uruguayense Holcman et Olagiie, 1989, was experimentally resolved. In an artificial 
pond in the Zoological Garden in Buenos Aires City, Argentina, Heleobia parchappei (Hydrobiidae) was found to be releasing 
large-tailed cercariae with a prepharyngeal body, but lacking collar spines and corpuscles in the excretory system. Metacercariae, 
which encysted on the gills of naturally and experimentally infected Cnesterodon decemmaculatus (Poecilidae), developed collar 
spines and corpuscles in the excretory system in 7 days. Sexually mature adults were recovered from chicks and immature adults 
from mice fed metacercariae from C. decemmaculatus. Eggs shed in chick feces developed to miracidia within 10 days; sporocysts 
were found on the gills of snails. Stephanoprora uruguayense and S. denticulata from Europe are similar in adult morphology, 
but can be distinguished by morphological and behavioral features of larvae. Likewise, although S. denticulata and S. paraden-
ticulata from Venezuela are similar to S. uruguayense in adult morphology, they differ considerably in larval morphology and 
intermediate hosts. 
While larval trematodes associated with H. parchappei 
(d'Orbigni, 1835) collected between 1990 and 1999 were under 
study at an artificial pond in the Zoological Garden in Buenos 
Aires City, Argentina, emerging large-tailed echinostome cer-
cariae were shown to encyst on the gills of C. decemmaculatus 
(Jenyns, 1842) (Poeciliidae). Mature adults were recovered 
from experimentally infected chicks and identified as S. uru-
guayense Holeman and Olague, 1989, based on a previous re-
description (Ostrowski de Nunez et aI., 2004). In the Americas, 
information on life cycles, morphology, and biology of larval 
stages attributed to Stephanoprora spp. has been provided by 
Lee and Seo (1959), Stunkard and Uzman (1962), Nasir and 
Scorza (1968), and Nasir and Rodriguez (1969), but data are 
partially contradictory. In addition, the life cycle of S. denti-
culata (Rudolphi, 1802) (syn. Mesorchis denticulatus) from Eu-
rope was described by KjIlie (1986). 
Species of Stephanoprora parasitizing birds, in particular 
those belonging to subgenus Stephanoprora (as defined by Kos-
tadinova, 2005), are difficult to distinguish on the basis of adult 
morphology alone. They mainly differ in body measurements, 
internal organs, and collar spines, but there is little informa"tion 
on how these features vary with age and host species (Ostrows-
ki de Nunez et al., 2004). 
The aim of the present paper was to describe the morpho-
logical and biological characteristics of the developmental stag-
es of the life cycle of S. uruguayense, and to compare them 
with those of other species of Stepha1JQprora. 
MATERIALS AND METHODS 
Specimens of H. parchappei and C. decemmaculatus were sampled 
from artificial ponds at the Zoological Garden in Buenos Aires City, 
Argentina (34°36'S, 58°27'W). Snails were placed in 5 ml of tap water, 
exposed to light to stimulate cercariae shedding, and then dissected to 
study the intramolluscan stages. Cercariae emerging from naturally in-
fected snails were exposed to laboratory-reared C. decemmaculatus of 
approximately 2.0-3.5 cm in length. Experimentally and naturally in-
fected fish were held separately in small aquaria and fed with commer-
cial fish food. 
Mature metacercariae (n = 11-40) from both naturally and experi-
Received 28 December 2006; revised 27 February 2007; accepted 1 
March 2007. 
mentally (2.5-5 mo postexposure [PE] infected fish were force fed to 
each of 6 newly hatched, unfed chicks (Gallus gallus domesticus L.), 
1 duck (Anas plathyrhynchos L.), and 3 white mice (Mus musculus L.). 
The experimental hosts were kept in cages with food and water ad 
libitum under appropriate temperature conditions. Birds were fed oats, 
and mice commercial pet food. They were killed and necropsied be-
tween 3 and 11 days PE to obtain the adults. 
To study egg development, eggs laid spontaneously by experimen-
tally obtained adults or recovered from chick feces were placed indi-
vidually in small containers with tap water, incubated at 26-28 C, and 
observed daily until hatching. Larger groups of eggs were maintained 
in petri dishes. Fully developed eggs or 3-10 miracidia were exposed 
for an undetermined time to individual specimens of H. parchappei (n 
= 80) ranging between 2 and 4 mm in shell length. These snails were 
placed in 5 ml of tap water, maintained at room temperature, and dis-
sected at different times PE. In addition, snails up to 6 mm in shell 
length were separated into 2 pools consisting of 50 individuals each, 
placed in 3-L plastic containers, exposed to an undetermined number 
of developing eggs, and dissected at 112-137 days PE. 
Snails used in experiments were part of a sample (n = 300) collected 
at the Zoological Garden. Immediately following collection, snails were 
individually checked for emergence of cercariae after light exposure, 
and positive specimens were discarded. Two weeks later, 95 negative 
snails were dissected as controls, and larval stages were determined 
after Ostrowski de Nlifiez (1992, 1993, 1996, 1998, 2001) and Szidat 
(1957). Exposure of the remaining snails to light and subsequent ex-
amination for cercariae shedding was repeated 1 mo after collection, 
and only negative snails were used in the experiments. 
Larval stages and adults were studied alive, and as temporary or 
permanent whole mounts. Adults were fixed in nearly boiling 4% for-
malin, stained with alcoholic hydrochloric carmine, dehydrated in a 
graded ethyl alcohol series, cleared in creosote, and mounted in Canada 
balsam. 
Temporary whole mounts were prepared by clearing specimens in 
lactophenol and mounting them in glycerine jelly. All measurements 
are given in micrometers with the min-max, followed by the mean in 
parentheses. Figures were made with the aid of a camera lucida and 
details were added freehand. Specimens were deposited in the Parasi-
tological Collections of the Museo Argentino de Ciencias Naturales 
"Bernardino Rivadavia," Buenos Aires, Argentina (MACN-Pa). 
In addition, the following material was studied for comparison: S. 
uruguayense voucher nos. 58/1-15, 175/1-12, 177/1-15, 181/1-16 from 
G. domesticus, and 34/1-7 from Larus dominicanus (Lichtenstein, 
1823), deposited in the Universidad Nacional del Comahue Bariloche, 
Argentina; and Paratype No. 33040, voucher nos. AP 11546-11561 
from L. dominicanus, and voucher nos. AP11454-11464 from Canis 
familiaris L., deposited in the Helminthological Collection of the De-
partamento de Zoologfa de Invertebrados, Facultad de Humanidades y 
Ciencias, Universidad de La Republica, Montevideo, Uruguay. 
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FIGURES 1-8. Stephanoprora uruguayense Holeman Spector et Olague, 1989. Development of eggs: (1) freshly shed; (2) day 6; (3) day 7; 
(4) day 10; scale bar = 50 fLm; (5) sporocyst, 133 days PE, scale bar =100 fLm. (6) Freshly released rediae from sporocyst of Figure 5. Note 
annular thickening (arrow); scale bar = 100 fLm. (7) Cercaria in rest position; scale bar = 200 fLm. (8) Metacercaria from gills of Cnesterodon 
decemmaculatus, 80 days PE; scale bar = 50 fLm. 
DESCRIPTION 
Stephanoprora uruguayense Holeman et Olagiie, 1989 
(Figs. 1-15) 
Egg (Figs. 1-4): Live eggs at same day of deposition in feces;.77-
88 (83) long by 47-54 (51) wide (n = 15). Capsule oval, 1 end opere 
culated; opposite end slightly thickened, with zygote and several vitel-
line cells. 
Miracidium (Fig. 11): Live specimens 94-136 long; specimens fixed 
in hot 4% formalin, 46-65 (53) long by 28-40 (35) wide (n =20). 
Body covered with epidermal plates (number not counted), arranged in 
4 transverse rows. Short apical gland, with approximately 5 spherical 
bodies, and a small lateral gland cell on each side. Lateral processes 
conspicuous, between first and second ro~~ of epidermal plates. Two 
pigmented eyespots touch each other on inner margins, together 6.3 
long by 8.8 wide. Cerebral mass approximately 16 long by 20 wide. 
Germ cells 5 in diameter, fill space behind cerebral mass. Caudal pouch 
with 6 spherical bodies 6.3 in diameter. A pair of flame cells present at 
median level of body. Refringent corpuscles scattered all over body. 
Sporocyst (Figs. 5, 12): Observations for live specimens from gills 
of snails, dissected at 112-137 days PE. Body transparent or brownish 
in color, 135-473 (243) long by 85-441 (184) wide (n = 13). Body 
wall nucleated, 8-13 thick. Presence of 1-3 developing mother rediae, 
103-134 long by 63-76 wide, with pharynx up to 28 long by 32 wide. 
Eyespots disappeared; traces of pigment in all examined specimens. Up 
to 10 flame cells observed in 1 specimen. 
Redia (Figs. 6, 13): The following measurements are for live exper-
imental infections. Small, freshly released mother rediae from sporo-
cyst, 157-189 long by 69-76 wide. Pharynx 33 long by 38 wide (n = 
2). Rediae within 3-4.5 mo PE from hepatopancreas and gonads, 251-
1,024 (509) long by 63-176 (118) wide. Pharynx 44-63 (52) long by 
31-63 (51) wide (n = 12). Collar consisting of an annular thickening, 
posterior to pharynx. Posterior appendages inconspicuous. 
The following measurements are based on 10 formalin-fixed, un-
stained natural infections of specimens from hepatopancreas and go-
nads. Considerable variation in size, 340-1,500 (976) long by 100-200 
(150) wide. Collar indistinct in fixed specimens, visible only in live 
small rediae, consisting of an annular thickening, posterior to pharynx 
(Fig. 6). Two posterior appendages situated 80-380 (194) from posterior 
end of body. Pharynx muscular 28-56 (44) long by 36-60 (50) wide. 
Intestinal cecum reaching to level of posterior appendages. 
Fixed rediae contained poorly developed cercariae and germ balls, 
whire some live rediae contained immature cercariae with pigmented 
tails. 
Cercaria (Figs. 7, 14, 15): Measurements based on 20 formalin-fixed 
cercariae from a natural infection. Body 170-198 (183) long by 57-79 
(71) wide, tegument without spines. Head collar feebly developed, with-
out spines. Oral sucker subterminal, 28-32 (31) long by 28-35 (32) 
wide, with 10 flattened spines on anterior border. Prepharynx short, 
small, inconspicuous. Prepharyngeal body present, about 13 in diameter, 
with two globular inclusions. Pharynx muscular, 13-19 (16) long by 
13-16 (14) wide. Esophagus long. Intestine bifurcates shortly anterior 
to ventral sucker. Ceca dorsal to excretory tubes, reaching level of ex-
cretory vesicle. Ventral sucker 32-38 (35) long by 32-38 (34) wide, 
slightly larger than oral sucker, situated posterior to midbody, with flat-
tened spines around opening. Cystogenous cells with bar-shaped con-
tents between pharynx and end of body. Penetration glands or gland 
duct openings anterior to oral sucker not observed. Paraesophagea1 
gland cells not observed. Genital rudiments include 2 masses of cells, 
1 at the anterior, the other at the posterior margin of ventral sucker, 
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FIGURES 9-15. Stephanoprora uruguayense Holeman Spector et Olagiie, 1989. (9) Adult from experimentally infected chicks, 11 days PE; 
scale bar = 400 fLm. (10) Head collar; scale bar = 100 fLm. (11) Miracidium, live specimen; scale bar = 30 fLm. (12) Sporocyst 130 days PE, 
with 2 mother rediae; scale bar = 100 fLm. (13) Redia with immature cercariae; scale bar = 200 fLm. (14) Cercaria, fully developed body; scale 
bar = 100 fLm. (15) Cercaria, body with tail; scale bar = 300 fLm. 
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TABLE I. Comparison between measurements of Stephanoprora uruguayense adults obtained from experimental infections with metacercariae 
developed in Cnesterodon decemmaculatus (Buenos Aires, n = 16) and Galaxias maculatus (Bariloche, n = 20), at 7-8 days PE. L: length; W: 
width. 
Cnesterodon decemmaculatus Galaxias maculatus 
Measurements (fJ-m) min-max 
Body L 2,016--2,928 
BodyW 272-384 
Collar W 188-433 
Oral sucker L 82-94 
Oral sucker W 50-100 
Prepharynx 0-44 
Pharynx L 94-119 
Pharynx W 75-94 
Esophagus L 151-276 
Esophagus-ventral sucker 38-126 
Ventral sucker L 195-251 
Ventral sucker W 195-239 
Ovary L 82-126 
Ovary W 100-163 
Anterior testis L 170-301 
Anterior testis W 170-264 
Posterior testis L 245-377 
Posterior testis W 151-251 
Cirrus sac L 119-176 
Cirrus sac W 88-126 
Egg L 76--95 
EggW 35-54 
connected to one another by a strand of cells passing dorsal to ventral 
sucker. 
Excretory system stenostomate, with main tubes extending from an-
terior wall of small excretory vesicle to prepharyngeallevel; main col-
lecting tubes narrow, without refractile granules. Canals form a loop at 
prepharyngeal level, then run posteriad and bifurcate into anterior and 
posterior canals at midlevel of ventral sucker; with ciliary patches along 
interior margins. Flame cells arranged in 16 pairs. 
Caudal excretory duct of emerged cercariae enters anterior portion 
of tail; sometimes bifurcates into unequal branches ending blindly. 
Tail 800-1,088 (991) long by 64-112 (96) wide, with fine spinelike 
projections not visible in fixed material; brownish pigment over distal 
fourth to entire tail surface. Longitudinal muscle fibers run along central 
axis of tail; circular muscles arranged in packets, giving a characteristic 
appearance (Fig. 7). 
Encysted metacercaria (Fig. 8): Measurements based on experimen-
tally obtained, live encysted metacercariae on gill filaments of C. de-
TABLE II. Measurements of oral spines of Stephanoprora uruguayense. 
Number Length (fJ-m) Width (fJ-m) 
Position examined min-max Mean ± SD min-max Mean ± SD 
1 16 32-38 34 ± 2 8-9 8 ± 
2 16 32-40 36 ± 2 8-9 8± 
3 18 35-44 40 ± 3 8-9 9± 
4 15 36-47 43 ± 4 9-11 1O± 
5 13 38-47 44 ± 3 9-11 1O± 
6 11 40-47 43 ± 2 9-11 10 ± 1 
7 7 40-47 43 ± 3 9-11 1O± 1 
8 7 41-51 44 ± 3 9-11 1O± 
9 5 41-49 45 ± 3 9-13 11 ± 
10 4 43-47 46 ± 2 11-13 11 ± 
11 5 40-47 45 ± 3 11-13 11 ± 
Mean min-max Mean 
2,480 1,568-2,256 1,857 
329 304-480 360 
246 195-289 236 
90 69-100 87 
86 75-126 98 
16 0-50 17 
102 75-126 97 
88 69-94 85 
214 100-207 133 
75 
223 188-245 212 
217 201-270 221 
100 82-126 100 
129 63-176 136 
231 144-257 204 
215 188-314 252 
300 195-327 262 
195 170-283 226 
149 138-188 153 
104 88-132 106 
88 60-85 76 
44 44-50 46 
cemmaculatus, at 20-60 days PE. Cysts oval, 88-120 (108) long by 
57-85 (69) wide (n = 44). Cyst wall thin. Corpuscles in excretory 
system conspicuous, variable in size, smaller ones 4.3-10.6 (7.6) in 
diameter (n = 20), larger ones 10.6-29.7 (16.6) long by 8-12.7 (9.4) 
wide. Larger corpuscles seem to originate by fusion of smaller ones. 
Fused corpuscles not observed in cysts 7-10 days PE. Head collar with 
dorsally interrupted crown of 22 spines: comer spines 10-11 (10.1) long 
(n = 10), next spines 10-12 (10.9) long (n = 14). Oral sucker 21-34 
(26) long by 35-42 (39) wide (n = 6). Pharynx elongate-oval, 19-25 
(22) long by 11-14 (12) wide (n = 3). Ventral sucker 25-32 (29) long 
by 37-48 (42) wide (n = 5). Retention of flattened spines on oral and 
ventral suckers observed in cercaria. Up to 4 gland duct openings an-
terior to oral sucker could occasionally be seen. Intestinal ceca not 
visible due to small size of cysts. Corpuscles and oral spines fully de-
veloped at day 7 PE. 
Adult (Figs. 9, 10): Morphology of adults coincides with that pre-
sented by Ostrowski de Nunez et al. (2004); measurements based on 
12 mounted, ovigerous, experimentally obtained adults at day 11 PE. 
Additional measurements in Table I. Body elongate, 2,832-3,312 
(3,076) long by 352-416 (369) wide at acetabular level. Tegument spi-
nou~, with denser spines 16-19 (7) long in dorsal and lateral bands up 
to ventral sucker, decreasing in size and density up to a short distance 
behind the testes. Head collar small, 207-276 (245) wide, armed with 
22 straight spines arranged in a single, dorsally interrupted row; 2 small-
er comer spines (Table II, spine position 1-2), next spine (position 3) 
on each side slightly larger than comer spines, but smaller than sub-
sequent ones (position 4-9), last 2 spines (position 10-11) of row larger 
than all others. Oral sucker terminal, 100-126 (112) long by 94-126 
(107) wide, with 10 small spines on anterior border. Prepharynx short, 
0-25 (7), pharynx muscular, 119-157 (34) long by 113-144 (120) 
wide. Esophagus long, 163-245 (210), bifurcates 75-126 (95) in front 
of ventral sucker into 2 ceca ending in distal chamber of excretory 
vesicle and forming uroproct. Pharynx to oral sucker width ratio 1:0.7-
1.00:0.9). Ventral sucker 201-245 (223) long by 214-245 (234) wide, 
in anterior third of body. Oral sucker to ventral sucker width ratio 1: 
1.9-2.6 0:2.2). 
Gonads in middle third of body. Testes oval, arranged in tandem, 
generally in contact. Anterior testis 207-259 (255) long by 232-314 
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TABLE III. Definitive hosts experimentally infected with metacercariae of Stephanoprora uruguayense from fish, and number and characteristics 
of resulting adults. 
Cysts 
Host Number Source 
Duck Not counted Experimental 
Chick 1 18 Experimental 
Chick 2 35 Experimental 
Chick 3 15 Experimental 
Chick 5 40 Natural 
Chick 6 40 Natural 
Mouse 1 24 Experimental 
Mouse 2 11 Experimental 
Mouse 3 25 Experimental 
(259) wide, slightly shorter and wider than posterior testis 327-408 
(361) long by 201-276 (232) wide, with regular borders. Cirrus sac 
dorsal to ventral sucker, more or less preacetabular, 188-251 (222) long 
by 119-l70 (149) wide. Seminal vesicle bipartite, prostatic glands vis-
ible, cirrus short, inconspicuous. Genital pore situated in small tegu-
mental fold behind intestinal bifurcation and anterior to ventral sucker. 
Ovary round, 75-113 (99) long by 88-151 (127) wide, in front of an-
terior testis; Mehlis' gland and uterine seminal receptacle present. Uter-
us short, with up to 70 eggs, 79-91 (83) long by 38-47 (42) wide, 
occupies space between anterior testis and ventral sucker, and ends in 
a fine duct at the genital pore. Distance between posterior margin of 
ventral sucker and anterior margin of ovary representing 5.7-8.6% (7.3 
%) of total body length (TBL). Vitelline glands transversally elongate, 
22-35 (29) long by 47-126 (80) wide, relatively large, extending from 
level of anterior border of anterior testis to end of body, more or less 
confluent behind testes. 
Excretory vesicle with 5 chambers: shorter distal chamber receives 
intestinal ceca, 3 larger anterior chambers, and shorter proximal cham-
ber from which arise collecting ducts on each body side. Posttesticular 
space representing 35.6-43.4% (40%) of TBL. 
Uroproct better observed in live specimens, flattened by drying slow-
ly the preparation; thus, intestinal content forced into the excretory ves-
icle through a 3-fL opening that closes immediately. 
In chicks, specimens immature (n = 5) in middle of small intestine 
at day 3 PE; fully mature with eggs (n = 106) in segment anterior to 
the ceca, and sometimes in rectum, at days 7, 8, and 11 PE. In mice, 
specimens immature (n = 40) in middle of small intestine at days 4 
and 6 PE, and anterior to or in ceca at day 8 PE. Duck failed to become. 
infected (Table III). 
Taxonomic summary 
Natural definitive host: Larus dominican us (Lichtenstein, 1823). 
Experimental definitive host: Gallus gallus domesticus Linnaeus, 
1758; M. musculus Linnaeus, 1758. 
Site of infection: Mainly in the posterior )p.testine. 
First intermediate host: Heleobia parchappei (d'Orbigny, 1835). 
Adults 
Status of 
Number sexual maturity Days PE 
0 6 
5 Immature 3 
30 Mature 8 
13 Mature 7 
25 Mature 11 
37 Mature 11 
20 Immature 4 
9 Immature 6 
11 Immature 8 
Second intermediate host: Cnesterodon decemmaculatus (Jenyns, 
1842) (Poeciliidae). 
Locality: Buenos Aires. 
Specimens deposited: MACN-Pa 440/1-4 from G. domesticus, 440/5 
from M. musculus. 
Remarks 
Eggs were found at day 5 PE in the feces of chicks. At 26-28 C, the 
eyespots of miracidia appeared on the 7th day; miracidia were fully 
developed on the 10th day, and emerged from day 12 onward. Miracidia 
swam actively for 4-6 hr; their swimming speed decreased during the 
next 9 hr, then they lay almost motionless on the bottom of the container 
for about 6 hr. At 18-22 C the maximum life span was about 20 hr, 
but infection probably took place within the first 6 hr. 
The fact that most of the rediae contained only immature germ balls, 
even in snails releasing cercariae for a few days before dissection, made 
it extremely difficult to distinguish between mother and daughter rediae. 
However, developing cercariae could be observed in a few cases (Fig. 
13). Experimentally infected snails shed first cercariae at 3 mo PE. 
Unfortunately, only H. parchappei from the Zoological Garden could 
be used for the experiments because no laboratory-reared snails were 
available. The prevalence of infection with S. uruguayense recorded in 
21 samples with a total of 3,719 snails collected in the period 1990-
1999 varied between 0 and 2.9%, and exceptionally up to 6% (data not 
shown). Other larval trematodes present in snails of the exposed and 
control groups included Psilochasmus oxyurus (Creplin, 1825), Asco-
cotyle angeloi (Travassos, 1928), A. secunda Ostrowski de Nunez, 2001, 
A. diminuta (Stunkard and Haviland, 1924), Pygidiopsis australis Os-
trowski de Nunez, 1996, an undetermined microphallid, and an unde-
termined xiphidiocercaria (Table IV). All these species are easily dis-
tinguishable from S. uruguayense by the morphology of the cercariae 
and by the presence of daughter sporocysts or small rediae without 
posterior appendages. Although the redia of P. oxyurus has posterior 
appendages, this species can be differentiated from S. uruguayense by 
its large-sized cercaria, whose tail has a fin fold and is about the same 
length as body (Szidat, 1957). 
TABLE IV. Heleobia parchappei exposed to eggs of Stephanoprora uruguayense and control group. 
Number S. uruguayense Other trematodes Negative Dead or not 
Exposure of snails Positive % Positive % (dissected) examined 
Individual 80 12 15 2* 0.25 21 45 
Pooled 100 38 38 14t 14 30 18 
Control 95 6* 6.3 89 0 
* Microphallidae (n = 1); Ascocotyle diminuta (Stunkard and Haviland, 1924) (n = 1). 
t Ascocotyle angeloi (Travassos, 1928) (n = 3); Ascocotyle secunda Ostrowski de Nunez, 2001 (n = 2); Ascocotyle diminuta (n = 3); Pygidiopsis australis Ostrowski 
de Nunez, 1996 (n = 2); Microphallidae (n = 3); Psilochasmus oxyurus (n = 1). 
:j: Psilochasmus oxyurus (Creplin, 1825) (n = 3); xiphidiocercaria (n = 1); Microphallidae (n = 2). 
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In immature cercariae of S. uruguayense that were not yet shed, the 
caudal duct of the excretory system runs along the tail before bifurcat-
ing into 2 short branches near the posterior end, where the branches 
open through a pore near each lateral body margin. As the cercaria 
matures, these branches become blind ended, and the whole duct short-
ens, while the tail increases in length. Tail pigmentation patterns were 
similar for cercariae emerging from the same snail, but varied for those 
from different snails. In some cases, pigmentation was observed on the 
distal quarter, whereas in others it was distributed throughout the tail. 
Intermediate conditions were also noted. This feature was the only mor-
phological difference among cercariae. 
Some 71-100% of cercariae shed daily (obtained from 5 snails mon-
itored during 3 days) emerged between 1000 and 1600 hr. Cercariae 
swam for approximately 24 hr in an S-like pattern, before fioating for 
a short time in a stretched position while sinking to the bottom, where 
the tail was folded upon itself (Fig. 7). Later, the tail lost vitality, wrin-
kled, and atrophied, while the body, lying motionless, remained alive 
for 2 more days. No penetration was observed, but it is reasonable to 
assume that cercariae were either swallowed or reached the gill fila-
ments passively with the respiratory current. 
DISCUSSION 
This paper reports the first study of the larval stages of S. 
uruguayense, starting with cercariae and metacercariae from 
prosobranch snails and fishes, respectively, collected from an 
artificial pond; adults were recovered from experimental hosts, 
the development of their eggs was observed, and larval stages 
were studied alive after experimental exposure of the interme-
diate hosts. 
Experimentally obtained rediae, including the ones found in 
hepatopancreas and gonads, were considerably smaller than 
those from natural infections. This finding may be attributed to 
the age of infection and the small size of the snails «4 mm) 
selected for the individual exposure. The latter assumption is 
supported by experimental and field observations, showing that 
prevalence of infection with S. uruguayense increases with shell 
length. Thus, in the present study, infection was detected in 
15% of the individually exposed snails and in 38% of the 
pooled snails (up to 6 mm in shell length). No snail of the 
control group was infected with S. uruguayense. In contrast, the 
prevalence of S. uruguayense recorded during 10 yr of obser-
vation at the same pond varied between 0 and 2.9%, and ex-
ceptionally up to 6%. 
The first data on the life cycle of Stephanoprora sp. were 
gi ven by Stunkard and U zman (1960), who reported the pres-
ence of cysts on gill filaments of Fundulus h. heteroclitus (Lin-
naeus, 1766) that developed into Stephanoprora denticulata in 
laboratory-raised Larus argentatus (Pont.) and golden hamsters 
(Mesocricetus auratus Waterhouse), but, unfortunately, no de-
tailed description was given. ~ , 
Lee and Seo (1959) and Dronen (1973) reported Cercaria 
illecebrosa Lee et Seo, 1959 emerging from the operculate snail 
A. limosa collected in Douglas Lake, Michigan. The corre-
sponding metacercariae were obtained from gills of exposed 
fish, where they developed 22 oral spines in an interrupted row 
and corpuscles in the excretory ducts. However, adults could 
not be obtained experimentally. Lee and Seo (1959) suggested 
that this was a species of Stephanoprora. Cercaria illecebrosa 
differs from the cercaria of S. uruguayense in the larger body 
and tail, the presence of 9 pairs of flame cells and 9 finely 
granular gland cells, which occupy much of the space between 
the pharynx and the ventral sucker, and the presence of ducts 
that open through 3 pores located anterior to the oral sucker. 
The general pattern of the life cycle of S. uruguayense is 
similar to that of S. denticulata from Europe, in involving pros-
obranch snails and fishes as intermediate hosts, in that collar 
spines and corpuscles in the excretory system are absent in the 
large-tailed cercaria but present in the metacercaria, in having 
small spines in the oral and ventral suckers, and in metacer-
cariae encysting on gills of fishes (K¢ie, 1986). The cercariae 
of S. uruguayense differ from those of S. denticulata in having 
a prepharyngeal body, lacking a long excretory duct in the tail, 
having a shorter life span (3 days of active swimming in S. 
denticulata), in the behavior during the active swimming and 
rest phases, and in body size. In addition, K¢ie (1986) men-
tioned the occurrence of rediae with prominent eyes pots, which 
have never been observed in the present material. 
In Venezuela, Nasir and Scorza (1968) described a life cycle 
attributed to S. denticulata, with Biomphalaria glabrata (Pul-
monata) as first intermediate host, and with cercariae encysting 
on the inner surface of the esophagus of Lebistes reticulatus 
(Peters, \859). This cercaria differs mainly from that described 
by K¢ie (1986) and the one reported herein in its pulmonate 
snail host, and in having 22 oral spines in a dorsally interrupted 
row, corpuscles in the excretory ducts, and 18 pairs of flame 
cells. In addition, the cercariae encyst on the inner surface of 
the esophagus of experimental fish, in contrast to those of the 
European S. denticulata, which encyst on gills (K¢ie, 1986). 
K¢ie (1986) suggested that the life cycle described by Nasir 
and Scorza (1968) may have belonged to another species of 
Stephanoprora, because the adult did not fit with the description 
of S. denticulata from Larus spp. in northern Europe. Indeed, 
the similarity of the cercariae (except for the features of the 
collar spines) to large-tailed cercariae belonging to species of 
Petasiger from pulmonate snails as intermediate hosts (Dronen, 
1973; Ostrowski de Nunez, 1981) suggests the possibility of 
misinterpretation of the life cycle. 
The life cycle of S. paradenticulata Nasir and Rodriguez, 
1969, differs from that of the Venezuelan S. denticulata only 
in the morphology of the larval stages and in the prosobranch 
first intermediate hosts, i.e., M. cornuarietis and P. glauca. The 
adult stages of the 2 species could not be distinguished (Nasir 
and Rodriguez, 1969). The cercaria of S. paradenticulata differs 
mainly from the present one in having 18 pairs of flame cells, 
corpuscles in the excretory ducts, a short excretory duct divid-
ing into 2 lateral branches in the proximal region of the tail, 
and a tail approximately as long as the body. Nasir and Rod-
riguez (1969) stated that the cercariae shed by P. glauca were 
sl1}aller than those shed by M. cornuarietis, and led to cysts of 
a different size (5\-66/36-48 vs. 180-255/93-141, respective-
ly) on gills of the freshwater fish, L. reticulatus. The authors 
recovered adults 7 days PE from a pigeon and a chick fed with 
metacercariae from M. cornuarietis and P. glauca, respectively, 
but no information is available on differences in the size of 
adults from both sources. A further careful revision of the life 
cycles of these 2 Venezuelan species is needed to clarify the 
identity of the larval stages and the taxonomic status of the 
corresponding adults. 
Finally, the macrocercous cercaria Cercaria heleobicola IV 
Martorelli, 1990, from Heleobia conexa (Gaillard, 1974) col-
lected at Mar Chiquita, a large lagoon by the sea located in 
Buenos Aires Province, Argentina, differs from the present 
form in being smaller in body and tail length, lacking a pre-
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pharyngeal body, and having 14 pairs of flame cells, a long 
excretory duct in the middle of the tail, and a suckerlike mus-
cular structure at the tip of the tail. Experimental infection in 
Jenynsia lineata (Jenyns, 1842) yielded negative results (Mar-
torelli, 1990). 
The experimentally obtained metacercariae of S. uruguayense 
from gills of C. decemmaculatus differ from those naturally 
obtained from G. maculatus (Jenyns, 1842) of Patagonian 
Lakes (Ostrowski de NUfiez et aI., 2004), mainly in the size of 
corpuscles. In the present material, larger corpuscles seem to 
originate by fusion of smaller ones in cysts from day 20 PE 
onward, whereas no fusion of corpuscles was ever detected in 
the Patagonian specimens. In contrast, no morphological dif-
ferences could be found in the experimentally obtained adults 
from both sources. Considering the absence of H. parchappei 
in Patagonia, a different snail is likely to be acting as inter-
mediate host, and additional data, including the morphology 
and behavior of larval stages, are needed to determine whether 
a different species of Stephanoprora is involved. 
The morphological (prepharyngeal body, excretory canal in 
tail) and behavioral features (life span, position at rest) of the 
cercaria and other larval stages in the life cycle of S. uruguay-
ense, mentioned above, clearly separate this species from S. 
denticulata from Europe. The similarities of both species (pros-
obranch intermediate host, collar spines and corpuscles in the 
excretory tubules absent in the large-tailed cercaria but present 
in the metacercaria, and small spines on the oral sucker border) 
may be typical for species of Stephanoprora. 
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CICHLIDOGYRUS SCLEROSUS (MONOGENEA: ANCYROCEPHALINAE) AND ITS 
HOST, THE NILE TILAPIA (OREOCHROMIS NIL 0 TICUS) , AS BIOINDICATORS OF 
CHEMICAL POLLUTION 
Claudia Sanchez-Ramirez, Victor M. Vidal-Martinez, Maria L. Aguirre-Macedo, Rossanna P. Rodriguez-Canul, 
Gerardo Gold-Bouchot, and Bernd Sures* 
Departamento de Recursos del Mar, Centro de Investigacion y de Estudios Avanzados del Instituto Politecnico Nacional (CINVESTAV-IPN), 
Antigua Carretera a Progreso Km. 6, 97310, Merida, Yucatan, Mexico. e-mail: csanchez@mda.cinvestavmx 
ABSTRACT: Experimental results showed that the gill monogenean Cichlidogyrus sclerosus and its host, the Nile tilapia Oreo-
chromis niloticus, exhibited significant numerical and physiological responses after exposure to sediments polluted with polycyclic 
aromatic hydrocarbons (PAHs), polychlorinated biphenyls, and heavy metals in comparison with control fishes, After 15 days of 
exposure, C. sclerosus abundance significantly increased in treatments with low to fairly high sediment pollutant concentrations, 
but declined at high sediment pollutant concentrations, Hypertrophy and hyperplasia in secondary gill lamellae and the spleen 
melanomacrophage centers were significantly higher at extremely high sediment pollutant concentrations compared with the 
controls, Spleen lymphocyte and monocyte counts were significantly lower at extremely high sediment pollutant concentrations 
and were significantly correlated with high fluorescent aromatic compound concentrations measured as PAH exposure indicators, 
A multivariate redundancy analysis showed significant statistical association between sediment pollutant concentration, C. scle-
rosus abundance, and tilapia physiological variables, The polluted sediments negatively affected monogenean abundance and 
induced immunosuppression in hosts, consequently increasing histological damage in hosts and allowing persistent C. sclerosus 
infection, This study documents evidence suggesting that C. sclerosus and its host are indeed excellent models to test environ-
mental quality in tropical freshwater ecosystems, 
The public has become increasingly aware in recent years 
that aquatic ecosystems around the world are deteriorating from 
deposition of anthropogenic pollutants, Early warning systems 
are being developed in response, and fish parasites have been 
proposed as effective bioindicators of environmental pollution 
(Lafferty, 1997; Lafferty and Kuris, 1999; Sures, 2004, 2006; 
Marcogliese, 2005), The logic underlying the use of fish para-
sites is based on the fact that both parasites and their hosts are 
exposed and, therefore, may respond to pollution in aquatic 
environments (Williams and Mackenzie, 2003; Khan and 
Payne, 2004), 
Monogenean parasites are recognized as useful bioindicators 
of environmental quality because of their predictable numerical 
response to chemical pollution (Khan and Thulin, 1991 ; 
MacKenzie, 1999), They tend to increase in number when ex-
posed to low and medium pollutant concentrations, but disap-
pear at high concentrations (Marcogliese et aI., 1998; Moles 
and Wade, 200 I; Khan and Payne, 2004), Previous research 
using monogeneans, as well as other helminths such as dige-
neans or cestodes, has focused almost exclusively on the num-
ber of individuals as the favored bioindicator (Poulin, 1992; 
Lafferty, 1997; Overstreet, 1997; Pietrock and Marcogliese, 
2003). An exception is a study of acanthocephalans as heavy 
metal sinks (Sures, 2004, 2006). Cnr'rent thinking in the area 
suggests that a number of appropriate chemical, physical, and 
biological indicators must be used to develop a more mecha-
nistic explanation of parasite and host responses to environ-
mental stressors (Adams, 2002, and references therein; Mar-
cogliese, 2005). 
The gill monogenean (Cichlidogyrus sclerosus) and its host, 
Nile tilapia (Oreochromis niloticus), have been suggested as 
useful bioindicators of aquatic environmental impact in tropical 
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environments, In a field study of the pollutant contents of 
wastewater deposited by the Cactus II Gas Processing Facility 
in the lacustrine San Miguel System in the state of Chiapas, 
Mexico, Sanchez-Ramirez (2007) found significant differences 
in the number of C. sclerosus in tilapia collected from heavily 
polluted lakes in comparison with those from less polluted 
lakes. The results demonstrated that sediments in the area were 
contaminated with polycyclic aromatic hydrocarbons (PAHs), 
polychlorinated biphenyls (PCBs), and heavy metals (Pascual-
Barrera et aI., 2004), among other pollutants. Although the re-
sults were encouraging, they were also inferential, correlating 
host tissue pollutant concentrations and PAH bile metabolites 
with the number of monogeneans, white blood cell counts, and 
spleen and other histological damage in the hosts. To determine 
whether the patterns reported by Sanchez-Ramirez are repro-
ducible, in the present study we experimentally exposed both 
C. sclerosus and their hosts to the polluted sediments from the 
same lakes, Accordingly, the objectives were: (1) to determine 
whether exposure to the sediments of the polluted lakes pro-
duced statistically significant differences in the number of C. 
sclerosus on the gills of tilapia; (2) to evaluate the effects of 
pollutants on tilapia white blood cell counts and examine his-
tological damage in comparison with controls, and (3) to de-
termine possible statistical associations between the number of 
C. sclerosus and the tilapia response variables with pollution, 
MATERIALS AND METHODS 
Experimental design 
Polluted sediments were collected from each of the 3 interconnected 
lakes in the San Miguel System: El Limon (17°54' 10"N, 93°10' 12"W); 
Enmedio (l7°54'35"N, 93°10'06"W); and EI Rio (17°55'03"N, 
93°09'39"W). Wastewater from the Cactus II Gas Processing Facility 
drains directly into EI Limon Lake. Sediments were also taken from a 
fourth lake, El Caracol Lake (1 T49' 54"N, 93°20'20"W), originally pro-
posed by the Mexican Petroleum Company (Petroleos Mexicanos~PE­
MEX) as a reference lake (Fig. 1) because it was not directly affected 
by Cactus II discharges. Sediments from all 4 lakes were found to be 
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FIGURE 1. San Miguel System in Reforma Municipality, Chiapas, 
Mexico (EI Rio Lake, Enmedio Lake, and EI Limon Lake). PGCC = 
PEMEX Cactus II Gas Processing Facility. EI Caracol Lake is not 
shown, but is located to the southwest of the illustrated area (geoposi-
tion: 17°49'54"N, 93°20'20"W). 
contaminated, principally with different PAHs, PCBs, heavy metals, and 
pesticides (see Table I). 
The experimental design was static, i.e., no water exchange between 
aquaria (60-L capacity), with 12 randomly assigned fish per replicate 
and 3 replicates, i.e., aquaria A, B, and C, per treatment, i.e., lake 
sediments. During a 15-day period, tilapia (0. niloticus, 10 ± 2 cm 
standard length) of the same cohort from the CINVESTAV-Merida 
aquaculture facilities were constantly exposed to polluted sediments (6 
kg/60 L of freshwater per aquarium) from the 4 sampled lakes. A con-
trol treatment with no sediment was run in 3 aquaria (replicates). The 
tilapia popUlation cultured at CINVESTAV-Merida has an enzootic in-
fection of C. sclerosus. Thus, both the tilapia exposed to polluted sed-
iments and those used as controls were naturally infected with C. scle-
rosus. All the aquaria were new. They were opaque, orange plastic 
boxes that did not allow the fish to see each other during the experiment. 
Also, all the aquaria were washed several times with tap water before 
using them for the experiment to remove any possible traces of plastic 
material. Experimental conditions in the different treatments were con-
stant: photoperiod (12 hr light: 12 hr dark); water temperature (25 C); 
pH (7.0); oxygen concentration (6 mglL); and an ad libitum feeding 
regimen. Since fish belonged to a cultured population, they were used 
to being fed at the same hour and in the same corner of the aquaria 
once per day. Thus, even when water was cloudy, this fact did not affect 
their feeding behavior. Data on ammonia were not obtained during the 
15 days of experiment. The reasons for not considering this parameter 
were that due to the constant oxygen supply, the presence of the un-
ionized ammonia toxic form (NH3) was not expected (Foss et aI., 2003; 
Golombieski et aI., 2005) and that ammonia toxicity is a function of 
fish size, affecting fingerlings or larvae much more than juveniles or 
adults (Noguez-Piedras et aI., 2006). Thus, our fish were considered to 
be far out of the range in which mortality would occur. However, in 
view of the information recently published by Shailaja et al. (2006) 
about the synergic effects of ammonia and PAHs, our initial consider-
ations were clearly wrong. To guarantee that the water used for both 
experimental treatments and control was free of pollutants, it was ex-
amined for all the pollutants listed in Table I following the procedures 
of Pascual-Barrera et a!. (2004). None of the pollutants in Table I was 
present in the water. Before starting the experiment, 10 fish from the 
same cohort as the experimental fish were killed by cephalic punction 
to determine baseline parameter (BP) values for all the variables (in-
fection parameters for monogeneans, and histological and immunolog-
ical variables for the hosts). 
Sample collection and proceSSing 
Analyzed biological responses included C. sclerosus abundance (sen-
su Bush et a!., 1997) in host gills, histological damage in hosts (gill 
hyperplasia and hyperthrophy; changes in the frequency of spleen me-
lanomacrophage centers [MMCs]), and changes in host white blood cell 
(WBC) counts (blood and spleen lymphocytes, thrombocytes, mono-
cytes, and neutrophils). Monogenean abundance was determined by dis-
secting gills and counting the C. sclerosus. Standard histological anal-
yses were applied to sections of each experimental animal's gills, liver, 
spleen, and kidney (hematoxylin and eosin) (MAFF/ADAS, 1988) to 
determine the frequency of histological lesions. Quantification of WBC 
was done by drying blood smears at room temperature, fixing them in 
96% methanol, staining with Giemsa, and then calculating the percent-
age of each WBC line on the basis of 100 WBC observed per slide 
(Fleck and Moody, 1993). Relative numbers of lymphocytes, throm-
bocytes, monocytes, and neutrophils were quantified using 3 blood 
smears taken by direct puncture of the heart and 3 smears from the 
spleen of each tilapia. 
Because PEMEX had expressed particular concern about PAHs as 
carcinogenic and persistent pollutants (Reynaud and Deschaux, 2006), 
all the experimental tilapia were tested for PAH metabolites produced 
in bile in response to sediment PAH concentrations. These bile metab-
olites are known as fluorescent aromatic compounds (FACs). Measure-
ment of FAC concentrations was made in all animals at the end of the 
TABLE I. Overview of selected pollutants (x- + SD) in sediments from four lakes in Chiapas, Mexico (for details see Pascual-Barrera et aI., 
2004). 
Lake 
Contaminants EI Caracol n = 2 EI Rio n = 6 Enmedio n = 4 EI Limon n = 6 
. ; 
PAHs (fLg/g) 6.22 (3.4) 2.12 (1.7) 6.21 (1.9) 7.19 (5.4) 
Total hydrocarbons (fLg/g) 80 (43) 108 (130) 184 (121) 2,491 (1,687) 
HCHs (ng/g) 0.22 (0.11) 0.48 (0.27) 0.17 (0.16) 1.91 (0.91) 
Drins (ng/g) N.D. (0) 0.85 (1.9) N.D. (0) 2.96 (4.8) 
Chlordanes (ng/g) 0.44 (0.6) 0.Q15 (0.02) N.D. (0) 0.31 (0.5) 
DDTs (ng/g) 2.12 (0.4) 6.12 (6.0) 1.40 (2.2) 5.44 (8.3) 
Total PCBs (ng/g) 2.33 (1.4) 7.80 (4.1) 2.65 (1.8) 1l.35 (8.1) 
Cu (fLg/g) 12.33 (3.2) 8.76 (3.0) 16.20 (2.4) 37.23 (13.9) 
Zn (fLg/g) 27.79 (7.2) 22.28 (5.8) 63.59 (13.5) 880.5 (550) 
Ba (fLg/g) 158.1 (37) 121.36 (31) 68.44 (22) 56.72 (26) 
Ni (fLg/g) 171.1 (39) 133.41 (55) 134.43 (70) 88.12 (53) 
Cr (fLg/g) 2.06 (2.9) 1.85 (2.0) 1.92 (2.2) 49.04 (18) 
* N.D .• not detected; PAHs. polycyclic aromatic hydrocarbons; HCHs, hexachlorocyclohexanes (a, 13, -y, and 0 hexachlorocyclohexanes); Drins, cyclopentadienes 
(aldrin, endrin, dieldrin, etc.); Chlordanes, chlordane, heptachlor, etc.; PCBs, polychlorinated biphenyls (is the sum of all the available PCBs). 
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IS-day exposure period and in any animals that died before treatment 
completion. Bile was extracted using sterile Teruma® I-ml plastic in-
sulin syringes (27 G X 13 mm) by direct puncture of the gall bladder, 
placed in 1.5-ml Eppendorf tubes, labeled, and frozen in liquid nitrogen. 
Fixed-wavelength fluorometry was used to measure concentrations of 
the FACs, i.e., pyrene, benzo[a]pyrene, phenanthrene, and naphthalene 
(Ariese et aI., 1993; Aas et aI., 1998; Gold-Bouchot et aI., 2006). 
Statistical analysis 
Differences in mean monogenean abundance and the mean percent-
age of each cell line in blood and spleen were determined with a nested 
ANOVA (Underwood, 1997). The top hierarchy was sediment from 
each lake, with 3 aquaria nested in each lake and 12 fish per aquarium. 
The highest variability was between treatments, meaning variability as-
sociated with the aquaria was not presented because it was included in 
each treatment. Data were transformed as appropriate (log transforma-
tion, unless otherwise stated) to meet parametric ANOVA assumptions. 
Multiple comparisons were done with the Newman-Keuls (NK) test 
(Sokal and Rohlf, 1995). Differences in histological lesions were estab-
lished by I-way ANOVAs using the frequency of each histological 
lesion in each of the 3 aquaria as replicates for each treatment. 
Statistical associations between cell counts and the number of C. 
sclerosus with FAC concentrations in bile were explored using Spear-
man's rank correlations (rJ (Zar, 1996). Logit regressions for determin-
ing the association between the probability of appearance of histological 
damage and FAC concentration were described by y(x) = exp(a + 
bx)*[l - exp(a + bX)]-I, where y is the probability of appearance of 
histological damage associated with a FAC concentration (x), and a and 
b are the estimated parameters of the logit function. 
The function was fitted using maximum likelihood, and the null hy-
pothesis of slope (b) being equal to zero was tested with a chi-square 
test (X2). If the X2 value was significantly different (b ~ 0), an associ-
ation between the dependent and regressor variables was predicted 
(InfoStat, 2002). 
Using detrended correspondence analysis (DCA) we found that the 
length of the ordination axes scale (gradient) in standard deviation units 
for the number of C. sclerosus in gills, as well as host physiological 
and immunological responses (biological data), was less than 2 (0.860-
1.109). Consequently, the recommended analysis (ter Braak and Smi-
lauer, 1998) is the multivariate statistical method known as redundancy 
analysis (RDA), which is both a constrained form of Principal Com-
ponent Analysis (PCA) and a constrained form of multivariate multiple 
regression (see Jongman et aI., 1995; ter Braak and Smilauer, 1998). 
RDA was used to determine possible statistical associations between 
the biological data and FAC concentrations (as indicators of PAH ex-
posure), and between the biological data and sediment pollutant con-
centrations. Technical and financial restrictions prevented data collec-
tion on pollutants other than PAHs of each individual tilapia used in 
the experiment. However, during fieldwork (Olvera-Novoa et aI., 2002; 
Pascual-Barrera et a!., 2004), data were collected for heavy metals, 
PCBs, PAHs, and pesticide concentrations in the lake sediments used 
in this experiment. Given the limitation, we estimated the effect of these 
pollutants by using these data and individual tilapia as replication units, 
and then assigning the pollutant concentrations of a specific lake to all 
the biological variables of each tilapia exposed to the sediments of that 
lake. The biological data were transformed to Hellinger distance values 
to control deviations from normality (Legendre and Gallagher, 2001). 
Pollutant concentrations were log transfgvned to produce more sym-
metrical frequency distributions, and rankit plots were used to determine 
the normality of the transformed variables (Sokal and Rohlf, 1995). 
Covariable analysis was not used to control for changes in standard 
length and weight because there were no significant differences in this 
variable between treatments (ANOVA: F s.m = 2.12 and F S•1S8 = 0.37, 
P < 0.05, respectively). Monte Carlo tests were used to determine the 
significance of the canonical axes. Both the DCA and RDA were ap-
plied using the CANOCO program, while all other statistical analyses 
were done with the Statistica v.6.0 program. The significance of all 
statistical analyses was established at P = 0.05 unless otherwise stated. 
RESULTS 
Cichlidogyrus sclerosus abundance 
Significant differences in mean C. sclerosus abundance be-
tween treatments were observed (nested ANOV A, FS,lO = 
20.83, P < 0.01; see Fig. 2a). Abundance was higher in the BP 
tilapia than in those in the experimental treatments (NK, P < 
0.01). After 15 days of exposure, the control treatment (no sed-
iment) had the lowest C. sclerosus abundance in comparison 
with the BP group and the treatments with sediments (NK, P 
< 0.01). Fish exposed to EI Caracol sediments had lower mean 
mono gene an abundance than those in EI Rio Lake treatment 
(NK, P < 0.01). There were no significant differences between 
the mean number of monogeneans in fish exposed to sediments 
from the 3 lakes in the San Miguel System, i.e., EI Rio, En-
medio, and EI Lim6n Lakes (NK; P < 0.05) (Fig. 2a); C. scle-
rosus abundance did not correlate with FAC concentrations 
(OH-naphthalene, r = -0.05; phenanthrene, r = -0.11; OH-
pyrene, r = -0.14; and benzo[a]pyrene, r = -0.13, N = 154, 
P < 0.05). 
Histological changes 
Gill hyperplasia and gill hypertrophy were observed in the 
fish after 15 days of exposure to polluted sediments (Fig. 2b, 
c). Hypertrophy was observed on the epithelium of the distal 
secondary lamellae, and hyperplasia was evident because of 
fusion of the secondary lamellae due to an increase in epithelial 
cell counts. The frequency of both hyperplasia (ANOVA, FS,1O 
= 6.99, P < 0.01) and hypertrophy (FS,lO = 5.68, P < 0.01) 
were significantly higher in all 4 lake sediment treatments in 
comparison with the BP group and the control treatment (NK, 
P < 0.05). MMC frequencies were higher in the EI Lim6n Lake 
sediment treatment than in all the other lake sediment treat-
ments and the control (FS,lO = 4.89, P < 0.05) (Fig. 2d). The 
logistic regression showed that gill hyperplasia and hypertrophy 
were not associated with FACs in bile, whereas MMCs in-
creased in frequency as FAC concentrations increased (Table 
II). 
FACs in tilapia bile 
Low-molecular-weight FACs in bile produced by the tilapia 
in response to PAH concentrations present in the lake sediments 
exhibited higher mean concentrations (OH-naphthalene, 113.4 
± 134.1 j.Lg/ml and phenanthrene, 72.7 ± 127.1 j.Lg/ml) than 
high-molecular-weight FACs (OH-pyrene, 2.4 ± 3.6 j.Lg/ml and 
benzo[a]pyrene, 1.5 ± 1.5 j.Lg/ml) (Fig. 3). There were signif-
icantly higher concentrations of OH-naphthalene (nested AN-
OVA, FS,lo = 19.58, P < 0.01), phenanthrene (FS,lO = 15.89, P 
< 0.01), OH-pyrene (FS,IO = 51.21, P < 0.01) and ben-
zo[a]pyrene (FS,IO = 31.11, P < 0.01) metabolites in fish ex-
posed to EI Lim6n Lake sediments than in fish in the other lake 
sediment treatments and the control (NK, P < 0.01 in all cases) 
(Fig. 3). 
WBC counts 
The F-values for the nested ANOVA analysis and multiple 
comparisons for WBC counts in blood and spleen in the ex-
perimental animals showed that blood and spleen lymphocytes, 
thrombocytes, blood neutrophils, and spleen monocytes exhib-
ited significant differences between treatments, whereas blood 
monocytes and spleen neutrophils did not (Fig. 4). There was 
a significantly lower number of blood lymphocytes (Fs,lo = 
11.17, P < 0.01) in the control and Enmedio Lake treatments 
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FIGURE 2. Mean number (:!::SD) of Cichlidogyrus sclerosus in tilapia gills (a) and mean frequency of histological damages (+SD) in gills and 
spleen (b-d). Acronyms are: BP, baseline parameters before exposure to contaminated sediments; CO, control without sediments; CA, EI Caracol 
Lake sediments; RI, EI Rio Lake sediments; EN, Enmedio Lake sediments; LI, EI Limon Lake sediments. Result of the multiple comparison with 
Newman-Keuls test (NK). Significance level: P ::s 0.05. 
than in the BP group and El Caracol, El Rio, Enmedio, and El 
Lim6n treatments (NK, P < 0.01, Fig. 4a). In addition, fish in 
El Caracol treatment showed a significantly higher mean num~ 
ber of lymphocytes than those in El Rio, Enmedio, and El Li-
m6n Lake treatments (NK, P < 0.05). The spleen lymphocyte 
percentage was significantly lower in the control and El Lim6n 
Lake treatments in comparison with the other treatments (FS,1O 
= 33.03, P < 0.01; NK, P < 0.01; Fig. 4b). There was a sig-
nificantly higher number of blood thwmbocytes in the control 
and Enmedio Lake treatments in comparison with the other 
treatments (FS,1O = 10.36, P < 0.01; NK, P < 0.01) (Fig. 4a), 
and a higher number of spleen thrombocytes in the control and 
El Lim6n Lake treatments (FS,1O = 37.31, P < 0.01; NK, P < 
0.01; Fig. 4b). There were no significant differences in the mean 
percentage of blood monocytes (FS.1O = 1.98, P > 0.05; Fig. 
4c), but a significantly higher mean percentage of blood neu-
trophils was observed in the El Caracol Lake treatment than in 
all Qther treatments (FS,1O = 8.07, P < 0.01; NK, P < 0.05, Fig. 
4c). Spleen monocyte counts were significantly higher in the 
Enmedio Lake and El Rio Lake treatments in comparison with 
TABLE II. Probability of appearance of histological damages in Oreochromis niloticus exposed to contaminated sediments, associated with FAC 
concentration in bile established by the logit function y(x) = exp(a + bx)*[l +exp(a + bX)]-1 and fitted by maximum likelihood. 
Regressor Dependent a SE b SE X2(1) P 
OR-Naphthalene MMCs* -2.41 0.32 0.01 0.001 18.58 <0.001 
Phenanthrene MMCs -2.25 0.29 0.01 0.001 21.24 <0.001 
OR-Pyrene MMCs -2.32 0.30 0.23 0.05 21.71 <0.001 
Benzo[a]pyrene MMCs -2.45 0.32 0.55 0.13 20.83 <0.001 
* MMes, rnelanornacrophage centers. 
Only significant associations to P < 0.01 tested by chi-square test (x2) are shown. 
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the other treatments (F5.1O = 17.66, P < 0.01; NK, P < 0.01; 
Fig. 4d). There were no significant differences in the number 
of spleen neutrophils between treatments (Fig. 4d). Lymphocyte 
and monocyte counts in spleen showed significant negative cor-
relation with all FACs, whereas spleen thrombocytes had a pos-
itive correlation with them (Table IIi): 
Multivariate analysis 
The RDA analysis included the C. sclerosus abundance and 
host WBC counts as dependent variables and FAC concentra-
tions and sediment pollutant concentrations as independent en-
vironmental variables (Fig. 5). The analysis was significant for 
both the first (F = 60.15, P = 0.0002) and all other canonical 
axes (F = 13.28, P = 0.0002). For individual tilapia, the RDA 
graphic (Fig. 5) can almost be divided into 2 halves. The bottom 
quadrant of the right half contains all the control til apia not 
exposed to contaminated sediments; the left half contains the 
tilapia exposed to the El Caracol, El Rio, and Enmedio sedi-
ments; and the upper right quadrant of the right half contains 
all the tilapia exposed to the El Lim6n Lake sediments. 
Three main patterns are apparent. First, pollutants (in the 
upper left quadrant) and FACs (in the upper right quadrant) are 
associated with canonical Y-axis. Cichlidogyrus sclerosus abun-
dance and blood lymphocyte counts are positively associated 
with all pollutants in the sediments and less so with FAC con-
centration in bile. Cichlidogyrus sclerosus abundance is more 
associated with canonical X-axis, characterized by low to mod-
erate pollutant concentrations; a positive association with ca-
nonical Y-axis does exist, but it is very weak. The association 
of blood lymphocytes with the independent variables was low, 
as suggested by the small size of the arrow with respect to 
pollutants. Second, there was a significant negative association 
between all the sediment pollutants and blood thrombocytes. 
Spleen thrombocytes were positively associated with FAC con-
centrations in bile, PCBs, and Cr, but had a negative relation 
to Ba and Fe. Third, spleen lymphocytes and monocytes were 
negatively associated with FACs in bile. 
DISCUSSION 
The results indicate the presence of significant differences 
between the polluted sediments and control treatments in C. 
sclerosus abundance in tilapia gills, FACs in fish bile, relative 
blood and spleen WBC counts, and frequency of histological 
lesions. Furthermore, the RDA analysis suggests statistical as-
sociations between pollutants, FACs in bile, and the biological 
variables. A crucial fact to consider, however, is that the lake 
sediments used in the experiments contained heavy metals, 
PCBs, and pesticides (Pascual-Barrera et al., 2004), in addition 
to PAHs. Given this, the tilapia clearly responded to the pres-
ence of 4 PAHs, i.e., the ones for which FACs were docu-
mented, but their specific effects could not be separated from 
that of the other pollutants with respect to more general bio-
logical responses such as histological changes. Consequently, 
interpretation of the results included PAHs, as well as PCBs, 
pesticides, and heavy metals, which were sequestered in larger 
groups under the more general term "pollutants." This has the 
advantage of providing a more accurate interpretation of the 
real conditions to which C. sclerosus and its fish hosts were 
exposed, although it also proves a limitation because the doc-
umented biological changes cannot be attributed to specific pol-
lutants. An additional potential limitation in the interpretation 
of the present results is that we did not record data on ammonia 
cogcentrations during the experiment. This is an important ca-
veat since we now know about the synergistic effect of am-
monia with PAHs in fish such as brown trout and tilapia (Luck-
enbach et aI., 2003; Shailaja et aI., 2006). However, this infor-
mation should be interpreted carefully since only very early life 
stages of brown trout (eggs to 79 days old) or very young 
tilapia (9.3-11 g) Oreochromis mossambicus have been exper-
imentally exposed. Furthermore, the results for brown trout in-
dicated that ultrastructural effects were found only in hepato-
cytes as a consequence of synergistic effects of ammonia and 
PAH toxicity. Shailaja et a1. (2006) found formation of geno-
toxic nitro-PAH compounds only by administration of intraper-
itoneal injection but not exposing fish through water. Since we 
did not consider ammonia data, we cannot discard a potential 
synergistic effect of both ammonia and PAH. Thus, all our in-
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acronyms. Symbols (* and .) indicate significant differences with the other treatments. Significance level: P :5 0.05. 
terpretations on deleterious effects of PAHs are necessarily as-
sociated with a potential synergistic effect with ammonia. 
Significant differences in monogenean abundance between 
the pollutant treatments and the BP group versus the controls 
were apparently in response to exposure to sediment pollutants. 
Sanchez-Ramirez (2007) recently demonstrated that without ex-
posure to polluted sediments, and in the absence of new 'Sus-
ceptible fish hosts, C. sclerosus infrapopulations decline after 
about 15 days. This natural decline agrees with current epizo-
otiological theory (see Anderson, 1996), and may also indicate 
that the low monogenean abundance in the controls after 15 
days was due to senescence (Fig. 2a). However, an equally pos-
sible explanation for the decline of the monogenean abundance 
is ammonia toxicity. Even when datli' on ammonia were not 
obtained because of the constant oxygen supply, the presence 
of the un-ionized toxic form of ammonia (NH3) was not ex-
pected. Furthermore, Sanchez-Ramirez (2007) showed that by 
introducing tilapia infected with C. sclerosus in tanks with ti-
lapia with declining infrapopulations of this monogenean, a re-
infection process occurred, increasing the infection level up to 
100% prevalence after 4 days. Thus, these results suggest that 
ammonia toxicity was not enough to eliminate the infection. 
In contrast, after 15 days of exposure to the polluted sedi-
ments, monogenean abundance remained significantly higher in 
all the lake sediment treatments compared with the control. This 
pattern seems to be associated either with an immunosuppres-
sion process induced by the pollutants or maintenance of more 
suitable transmission and parasite survival conditions due to 
pollutant presence. In the present study, the former is the most 
probable. Figure 2 shows that C. sclerosus had significantly 
higher mean number of individuals in all lakes in comparison 
with controls. Thus, our interpretation of these patterns is that 
TABLE III. Spearman's rank correlation coefficients (r) between spleen white blood cell counts and abundance of Cichlidogyrus sclerosus with 
FACs in bile of Oreochromis niloticus exposed to contaminated sediments. 
Spleen cells OH-naphthalene Phenanthrene OH-pyrene Benzo[a]pyrene 
Lymphocytes -0.32** -0.28** -0.36** -0.40** 
Thrombocytes 0.33** 0.31 ** 0.36** 0.42** 
Monocytes -0.20* -0.28** -0.29** -0.28** 
n = 164. 
Only significant correlations (* P < 0.05 and ** P < 0.01) are shown. 
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abundance and spleen and white blood cell (WBC) counts in tilapia 
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PAHs, polycyclic aromatic hydrocarbons; PCBs, polychlorinated biphe-
nyls. Acronyms for monogeneans and WBC: C. scler, Cichlidogyrus 
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Figure 2 for lake acronyms. 
exposure to the pollutant sediments of lakes led to a weakening 
of the tilapias' general health condition. Similar patterns have 
been reported by Khan and Payne (2004), who experimentally 
exposed winter flounder (Pleuronectes americanus) and their 
ectoparasites (Trichodina spp. and Gyrodactylus pleuronecti) to 
increasingly higher PAH concentrations. They found that ec-
toparasite numbers increased in fairly low to medium-high PAH 
concentrations, but decreased at the highest PAH concentration. 
Other authors have also reported increases in monogenean in-
fection parameters in response to exposure by hydrocarbon-con-
taining sediments (Khan, 1990; Khan and Thulin, 1991; Mar-
cogliese et aI., 1998; Moles and Wad~: 2001). 
FAC concentrations in fish bile are indicative of exposure to 
PAHs (Myers et aI., 1998; Schlenk and DiGiulio, 2002). In the 
present study, the tilapia were able to develop a physiological 
response to the sediment pollutants. The highest FAC concen-
trations were found in tilapia exposed to the El Lim6n Lake 
sediments, which had the highest PAH levels of the sediment 
samples (Fig. 3). This lake receives direct wastewater discharge 
from Cactus II. The tilapia exposed to the El Lim6n Lake sed-
iments probably experienced such high pollutant concentrations 
that even though they were able to produce high metabolite 
concentrations after 15 days of exposure, they were unable to 
eliminate these pollutants from their bodies. This interpretation 
agrees with evidence suggesting that tilapia can mount a phys-
iological response against the pollutants using the detoxification 
route of the cytochrome P450-1A enzyme and FAC production 
(Zapata-Perez et aI., 2002). The lack of correlation between C. 
sclerosus abundance and FAC concentrations can be explained 
by differential responses of the monogeneans and their hosts to 
sediment pollutant concentrations. In this case, monogenean 
abundance increased in both low and high pollutant concentra-
tions, whereas FACs in the tilapia increased only at the highest 
pollutant concentration. However, our main explanation re-
mains, i.e., the capacity of tilapia exposed to polluted sediments 
to respond to the infection by C. sclerosus was impaired in 
comparison with control fishes. 
The histological results indicate that the tilapia tissues were 
affected by a synergistic effect between pollutants in sediment 
and ammonia concentrations. Fish in the BP group exhibited 
no histological lesions, although those in the control aquaria 
did experience increased hyperplasia and hypertrophy. This 
slight gill damage can be attributed to the static experimental 
design in which exposure to the ammonia produced by urine 
could not be controlled, despite daily removal of excess food 
debris and feces. Fish in the lake sediment treatments exhibited 
a significantly higher frequency of hyperplasia and hypertrophy 
in the gills and spleen MMCs; the gills were the most affected 
organ since they were presumably in direct and constant contact 
with the pollutants and ammonia. Histological damage pro-
duced by C. sclerosus was minor since their numbers were not 
high enough to produce pathology over a relatively large area 
of the gills. Therefore, most of the gill hyperplasia and hyper-
trophy detected there were attributed to exposure to the com-
bined effects of polluted sediments and ammonia. It is certainly 
possible, however, that the concurrent effect of monogeneans, 
pollutants, and ammonia produced the histological damage on 
gills. This is supported by studies stating that hyperplasia and 
hypertrophy are common in cultured fish (Flores-Crespo and 
Flores, 2003) and fish infected by monogeneans (Thoney and 
Hargis, 1991; Khan and Thulin, 1991), as well as in fish ex-
posed to polluted sediments and ammonia (Luckenbach et al., 
2003; Peebua et aI., 2006). 
The presence of MMCs in the spleen is indicative of expo-
sure to severe environmental pollution. Therefore, the extreme-
ly high MMC frequency observed in the fishes exposed to EI 
Lim6n Lake sediments shows that tilapia in this lake definitely 
experienced a more severe environmental insult than those in 
the other lakes. Increased MMC frequency in fish is normally 
associated with destruction, detoxification, or recycling of en-
dogenous or exogenous materials such as pollutants. MMCs are 
macrophage aggregations linked to nonspecific immune re-
sponses (Kelly-Reay and Weeks-Perkins, 1994). MMC frequen-
cy here was correlated to FAC concentrations, reinforcing the 
argument that exposure to sediment pollutants and ammonia 
caused a histological response in tilapia, even though other sed-
iment pollutants probably contributed to the observed histolog-
ical damages. We are aware of no published experimental stud-
ies that mention a direct relationship between PAH concentra-
tion and MMC frequency, although research has shown that 
experimental exposure of Atlantic cod (Gadus morhua) to the 
water-soluble fraction of crude oil (Khan and Kiceniuk, 1984), 
exposure of goldfish (Carassius auratus) to fenilhydrazine 
(Herraez and Zapata, 1986), and exposure of common carp to 
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dibenzodioxines/dibenzofurans and PCBs (Van der Weiden et 
aI., 1993) all increase MMC frequency. 
Significant differences between treatments in some cell lines 
strongly suggest that the immune response in the experimental 
tilapia was negatively affected by high sediment pollutant con-
centrations and ammonia. Blood and spleen lymphocyte counts 
were higher in the BP group than in the control treatment, prob-
ably the result of high stress levels in the BP fishes from pre-
experiment handling. After 15 days in control aquaria, blood 
and spleen lymphocyte counts decreased, while thrombocytes 
increased in relation to BP and sediment treatments. A possible 
explanation for these patterns is that fishes were stressed at the 
beginning of the experiment because of handling, just when the 
BP parameters were obtained. However, as the level of stress 
on control fishes during the experiment decreased, the lympho-
cyte and thrombocyte counts returned to normal levels. In fact, 
the values for lymphocytes and thrombocytes in blood (Fig. 4a) 
can be considered normal since they were within the range ex-
pected for tilapia under aquaculture conditions, which are 38.5 
± 4.08 (percentage) for lymphocytes and 53.7 ± 4.12 for 
thrombocytes in tilapia (0. niloticus) (Balfry et al., 1997). 
The significantly higher blood and spleen lymphocyte and 
spleen monocyte counts in the sediment treatments suggest an 
immune cellular response of the tilapia to sediment pollutants 
and ammonia toxicity. In contrast, the significantly lower spleen 
lymphocytes and monocytes and higher thrombocyte counts in 
fish exposed to the EI Limon Lake sediments in comparison 
with those in the other sediment treatments may indicate im-
munosuppression. Thus, we suggest that the fishes in this treat-
ment were unable to produce more lymphocytes to compensate 
for those already circulating in their blood, and that thrombo-
cyte activation was a physiological response to the histological 
damage produced probably by synergistic associations between 
pollutants in the sediments and ammonia. The negative corre-
lation between spleen lymphocytes and monocytes with FACs 
in bile (Table III) suggests the presence of an immunosuppre-
sion process. Monocytes participate in initiation and regulation 
of the specific immune response because they recognize and 
process antigens, and produce soluble factors that regulate lym-
phocyte activity (Smith and Braun-Nesje, 1982; Blazer, 1991). 
The lake sediments with low to fairly high pollutant concentra-
tions (EI Caracol, Enmedio, and EI Rio) produced an increase 
in monocyte counts in the fishes exposed to them, whereas fish-
es exposed to the EI Limon Lake sediments experienced an 
insult strong enough to inhibit their ability to produce mono-
cytes (Fig. 4d). This interpretation is ~~urther supported by the 
results of other authors who have reported severe decreases in 
WBC after exposure to PAHs (Hart et aI., 1998; Holladay et 
al., 1998; Carlson et aI., 2002). A key point here is the potential 
synergistic association between ammonia and PAHs, which 
could enhance the deleterious effects of these pollutants pro-
ducing nitro-PAHs (Shailaja et aI., 2006). Clearly, this syner-
gistic effect should be taken into account for future experimen-
tal designs, especially because of their potential carcinogenic 
and genotoxic effects. 
The multivariate analysis shows that in the sediments of all 
lakes there was an increased C. sclerosus abundance, which was 
in turn associated with the concentrations of heavy metals such 
as Fe and Ba. Thus, it is possible that also other pollutants could 
be acting synergistically with both PAHs and ammonia. The 
present results also suggest significant negative associations be-
tween increased pollution levels and WBC, e.g., spleen lym-
phocyte and monocyte counts. The RDA analysis, therefore, 
agrees with the experimental results, suggesting that tilapia ex-
posed to polluted sediments experience immunosuppresion, 
which in turn provides conditions for the persistence of mono-
genean infrapopulations that would otherwise disappear under 
normal circumstances. 
Despite a short experimental period (15 days), exposure to 
polluted sediments was shown to significantly increase C. scle-
rosus abundance, and to cause hosts to develop physiological, 
immunological, and histological responses. These findings cor-
roborate previous reports of the analyzed pollutants' deleterious 
effects on fishes in the San Miguel System (Sanchez-Ramirez, 
2007). Even though several steps must still be taken before this 
system can be deemed a useful environmental indicator (see 
EPA, 2000), determination of its suitability is potentially very 
important since tilapia and C. sclerosus are present in almost 
every freshwater system in southeastern Mexico (see Vidal-
Martinez et aI., 2001) where petroleum extraction and process-
ing take place (Garcia-Cuellar et aI., 2004). In following Ad-
ams' (2002) suggestion to select a range of appropriate, eco-
logically significant bioindicators, together with a range of ad-
equate exposure biomarkers, we have documented evidence 
suggesting that C. sclerosus and its host are indeed a useful 
model with which to describe environmental quality in fresh-
water tropical aquatic ecosystems. 
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CHARACTERIZATION OF THE ANTIGEN 507 DURING DEVELOPMENT OF 
EIMERIA TENELLA 
R. H. Fetterer, M. C. Jenkins, K. B. Miska, and R. C. Barfield 
Animal Parasitic Diseases Laboratory, Henry A. Wallace Beltsville Agricultural Research Center USDA/ARS, Beltsville, Maryland 20750. 
e-mail: rfettere@anri.barc.usda.gov 
ABSTRACT: The developmental expression of the antigen S07, which has been previously shown to protect chickens against 
infection by several Eimeria species, was investigated. Using RT-PCR, mRNA for S07 was found to be restricted primarily to 
unsporulated oocysts (0 hr). Western blot (WB) analysis with an antibody to recombinant S07 (rbS07) revealed expression of 
the protein from 6 to 72 hr (fully sporulated) of sporulation and in sporozoites (SZ). S07 was absent in host-derived second-
stage merozoites (MZ) and was present in culture-derived first-stage MZ but at a level of only 25% of that exhibited by SZ. 
During invasion of Madin-Darby bovine kidney (MDBK) cells by SZ in vitro, the level of S07 within cells, as determined by 
WB analysis, remained relatively constant until 48 hr of development and then decreased by about 40% at the next time point 
(72 hr). The S07 secreted into the culture media during in vitro development increased to a relative maximum at 48 hr and then 
decreased to about 20% of maximum at 72 hr. Immunostaining with anti-rbS07 indicates that S07 is highly concentrated in both 
refractile bodies (RB) of SZ, with some limited distribution in the apical complex. Anti-rbS07 intensively stained the intracellular 
parasites and the first-stage schizonts during in vitro development of E. tenella in MDBK cells. Upon release from the schizonts, 
the first-stage merozoites stained with 1 or 2 bright spots typically at each end. The results suggest that S07 is closely associated 
with the SZ RB and is developmentally regulated but may not play a direct role in cellular invasion. 
A number of recombinant proteins have been used, often 
with mixed results, to vaccinate against avian coccidiosis (Jen-
kins, 1998; Vermeulen, 1998; Dalloul and Lillehoj, 2005). The 
cellular function of many of these proteins is beginning to 
emerge, but often their role in eimerian biology is not well 
defined. A clearer understanding of the biological function of 
antigens is important to understanding the potential interactions 
with the host immune system. 
A previously identified protein, S07, has been shown to be 
highly conserved in Eimeria spp. and, as an antigen, provides 
at least partial protection against coccidiosis when used in chal-
lenge experiments (Liberator et al., 1989; Miller et aI., 1989; 
Crane et al., 1991; Vermeulen, 1998; Kopka et aI., 2000; Po-
gonka et aI., 2003). S07 is associated with the refractile body 
(RB) and is one of the most abundant proteins in sporozoites 
(SZ) (Danforth and Augustine, 1989; deVenevelles et al., 2004). 
Although S07 is highly conserved in Eimeria spp., it has no 
known structural homology to other proteins. A protein ho-
mologous to S07 was shown to be developmentally regulated 
during in vitro development of Eimeria bovis (Abrahamsiln et 
al., 1994). More recently, using density-gradient techniques to 
isolate the RB, S07 was shown to be a major constituent of 
the organelle and to have a potential role in cellular invasion 
(deVenelles et al., 2006). In the current study to enhance the 
understanding of the function of the antigen and potential in-
teraction with the host, we examine the developmental expres-
sion of S07 both during sporulation"and in vitro development 
of Eimeria tenella. 
MATERIALS AND METHODS 
Host and parasites 
Eimeria tenella (Wampler strain) was used for all experiments. 00-
cysts and SZ were obtained using standard techniques (Fetterer et al., 
2004). Second-stage merozoites (MZ) were isolated from infected 
chickens at 110 hr post-infection (PI), as previously described (Xie et 
al., 1990; Fetterer et al., 2004). 
Received 21 December 2006; revised 12 March 2007; accepted 14 
March 2007. 
Preparations of 507 antibody 
Recombinant S07 (rbS07) containing a histidine tag was expressed 
using the pET28 vector (Novagen, San Diego, California) in Esche-
richia coli, and purified using standard methods (Fetterer et al., 2004). 
Female NZW rabbits, 9-11 kg and specific pathogen-free, from Cov-
ance Research Products (Denver, Pennsylvania) were immunized using 
the ImmuMax SR adjuvant system (Zonagen, Inc., The Woodlands, 
Texas; Fetterer and Barfield, 2003) and 200 ILg of rbS07. Before im-
munization, rabbits were bled via the central auricular artery to obtain 
baseline control sera. At 37 days postimmunization, a second blood 
sample was obtained to determine positive antibody response and titer. 
Electrophoresis and Western blot analysis 
Soluble extracts of E. tenella oocysts in 40 mM Tris, pH 8.0, were 
prepared as previously described (Fetterer et al., 2006). Concentrations 
of soluble proteins were measured by BCA assay (Pierce, Rockford, 
Illinois) with bovine serum albumin as the standard. Samples were in-
cubated for 10 min at 37 C and then frozen at -70 C. Protein samples 
were analyzed by polyacrylamide gel electrophoresis using l-mm-thick 
gradient gels (8 X 9 cm, 4-12% Bis-Tris, Invitrogen, Carlsbad, Cali-
fornia) as described (Fetterer and Barfield, 2003). All samples were 
reduced. For extracts of sporulated oocysts, 10 ILg of protein was loaded 
per lane. For extracts of SZ, MZ, cells, and media from in vitro exper-
iments, 5-10 ILl of extract was added to each lane so that amounts added 
represented protein from an equivalent number of parasites. Western 
blot analysis was performed using the basic method previously de-
scribed (Fetterer and Barfield, 2003). Rabbit primary antibody was used 
in dilutions from 1:500 to 1:1,000. A mouse monoclonal antibody to 
the microneme protein MIC2 (Lillehoj, 2005; Fetterer et al., 2007), 
supplied as a cell supernatant, was used undiluted. Secondary antibody 
was either goat anti-rabbit or goat anti-mouse conjugated to HRP (20 
ng/inl; Pierce). Chemiluminescence of blots was visualized with a dig-
ital camera after exposure to luminol (Super Signal West Dura Extend, 
Pierce). Western blots were quantified with a gel analysis system (Lab 
works, UVp, Upland, California). The total optical density of bands was 
determined and normalized to the most intense band in the experiment. 
Values were expressed as means of 3 measurements. 
RT-PCR analysis 
RNA was isolated from E. tenella developmental stages as previously 
described (Fetterer et al., 2004). cDNA was synthesized from 2 ILg of 
total RNA using the recommended instructions provided with the Ad-
vantage RT for PCR kit (BD Biosciences Clontech, Palo Alto, Califor-
nia) using random hexamer primers (50 ng equivalent total RNA). S07 
transcripts were amplified from 2.5 ILl of cDNA with Taq DNA poly-
merase (CLP, San Diego, California) in the presence of 10 ILM primer. 
Forward primer KMl77 (5'-TGCAGCAGCTGAGTTTTGTT-3') was 
used in combination with reverse primer KM178 (S'-CAGTTTGCTG 
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CTCCTCAAGA-3') to amplify 211 bp of the transcript from E. ten ella 
cDNA. The amplification conditions were as follows: initial heat acti-
vation of polymerase, 95 C for 7 min; denaturation, 94 C for 30 sec; 
annealing, 65 C for 30 sec; extension, 72 C for I min; and a final 
extension of 5 min at 72 C. Cycles 2-4 were repeated 34 times. As a 
negative control (to ensure the absence of genomic DNA), PCR was 
carried out using 0.5 fLl of RNA as template. As positive control, a 
fragment of the E. ten ella small subunit ribosomal RNA (SSU rRNA) 
was amplified using forward primer 5' -CGGTGAAACTGCGAATGG 
CTCA-3' and reverse primer 5'-GCCTTCCTTAGATGTGGTAG 
CC-3'. PCR products were visualized by electrophoresis on 1 % agarose 
gel, followed by staining with EtBr. 
In vitro cell invasion 
Madin-Darby bovine kidney (MDBK) cells were used for in vitro 
cultivation of E. ten ella using modifications of previously described 
methods (Fetterer et aI., 2007). Cells were grown to 80% confluency in 
24-well plates in culture media (CM) (Earles modified Eagle's medium 
with 2.5% fetal bovine serum (ATCC, Manassas, Virginia). SZ (4 X 
105) were added to each well, and after 5, 24, 48, and 72 hr at 41 C, 
the media was removed, cells were washed with PBS, and fresh CM 
was added. CM from each time point was retained and frozen for sub-
sequent assay of secreted S07. At each time point, wells containing 
parasites and control wells (cells without parasites) were washed with 
PBS; the cells were scraped from plates using a rubber policeman and 
centrifuged at 8,000 g for 10 min at 4 C, and the resultant cell pellet 
was treated with lysis buffer, 10 mM Tris, 0.1 % Triton X-100, 2 fLg/ml 
protease inhibitor cocktail (Complete, Roche Diagnostics, Mannheim, 
Germany), and 2 fLg/ml DNAse (Sigma DN25, St. Louis, Missouri). 
Celilysates were frozen for subsequent assay of S07. For Western blot 
(WB) analysis, 10 fLl of cell lysate from each sample was mixed with 
sample buffer and applied to lanes of gel. For WB analysis of CM, 100 
fLl of CM from each time point was precipitated with acetone, kept 
overnight at -20 C, and centrifuged for 10 min at 20,000 g (4 C). The 
pellet was dissolved in electrophoresis sample buffer before electropho-
resis. In experiments to measure release of S07 in a cell-free system, 
SZ (5 X 106) isolated as above were incubated in microfuge tubes 
containing 100 fLl of CM for 2 hr at 41 C. Following incubation, sam-
ples were centrifuged and media removed and frozen. SZ were treated 
with 100 fLl of lysis buffer and frozen at -70 C. For WB analysis, 10 
fLl of lysate (equal to 5 X 105 SZ) or 10 fLl supernatant were mixed 
with sample buffer and applied to gel. In some experiments, first-stage 
MZ were collected from ruptured schizonts after 72 hr in culture. Me-
dium was removed from cell layers and centrifuged at 10,000 g for 10 
min at 4 C. The resulting pellet containing first-stage MZ was resus-
pended in CM without serum and centrifuged as above. The first-stage 
MZ were frozen at -70 C. 
Antibody staining 
For indirect fluorescent antibody staining (IFA) during in vitro de-
velopment, cells at 5, 24, 48, and 72 hr PI were treated with trypsin to 
suspend cells, washed with PBS, and concentrated on slides via cyto-
centrifugation. Cells were dried, fixed with paraformaldehyde (2.0%), 
and permeabilized with TritonX-100 (0.05%; Jean et aI., 2000) or with 
methanol, processed as previously described (Fetterer et aI., 2004), and 
visualized at x400 magnification with a Z8iss compound microscope. 
For electron microscopy, SZ isolated as above were fixed for 5 min 
in 0.5% glutaraldehyde in 0.1 M cacodylate buffer at room temperature 
and then washed twice with 0.1 M cacodylate buffer. After fixation, the 
SZ were pelleted by centrifugation, and the pellet was gently washed 
twice with 100 fLl cacodylate buffer. The pellet was dehydrated in a 
graded ethanol series, infiltrated overnight in LR White hard-grade 
acrylic resin (London Resin Company, London, U.K.), and cured at 55 
C for 24 hr. Thin sections (90 "(jm thick) were obtained using a Diatome 
diamond knife on a Reichert/AO Ultracut microtome and collected on 
200-mesh Formvar-coated nickel grids. The grids were floated with the 
tissue section facing down on drops of PBS containing 0.1 M glycine 
and 1% BSA for 10 min, washed with PBS, floated on drops of PBS-
2% nonfat dry milk (NFDM)-O.1 % Tween 20 (Tw20), and then floated 
on drops containing a I: 100 dilution of rabbit antiserum in PBS-
NFDM-Tw20. Rabbit antiserum to rbS07 was used in the primary la-
beling step. The grids were incubated for 2 hr at room temperature, 
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FIGURE 1. Expression of S07 in Eimeria tenella developmental 
stages. (A) Western blot analysis with anti-rbS07 of oocyst extracts 
during sporulation detects a major band with molecular weight of 24 
kDa and a minor band with Mr between 44 and 48 kDa after 12 hr of 
sporulation. S07 was not detected at 0 hr (unsporulated). About 10 fLg 
of protein was applied to each lane. (B) Western blot analysis with anti-
rbS07 of extracts of equal numbers (5 X 105) of sporozoites (SZ), first-
stage merozoites (1-MZ), and second-stage merozoite (2-MZ). S07 is 
detected as a major 24-kDa (lower) band in SZ and I-MZ. S07 is not 
detected in 2-MZ. (C) Transcription of S07 was detected by RT-PCR 
in unsporulated (0 hr) oocysts but was absent or at low levels after 12 
hr and in SZ or 2-MZ. 
washed 3 times with PBS-NFDM-Tw20, and floated for I hr at RT on 
drops of a 1:50 dilution of gold particle (10 nm diameter)-Iabeled goat 
anti-rabbit IgG (H + L chain specific, Sigma). The grids were washed 
3 times with PBS-Tw20, twice with deionized H20, air-dried, stained 
with 5% uranyl acetate for 30 min, and examined with a Hitachi H7000 
electron microscope. 
RESULTS 
Developmental expression of S07 
WB analysis indicated a 24-kDa protein in SZ extracts con-
sistent with the molecular weight (24.4 kDa) predicted from the 
primary structure (Fig. IB). WB analysis of oocyst extracts dur-
ing sporulation indicate that S07 (24 kDa) is below the level 
of detection in un sporulated oocysts (0 hr), is first detectable at 
about 6 hr of sporulation (not shown), and is readily apparent 
at 12 hr after initiation of sporulation (Fig. IA). With further 
sporulation (24-72 hr), bands with molecular weight of about 
20 kDa are also present. Bands with molecular weight between 
44 and 48 kDa were also noted, but the intensity of the bands 
is less than 5% of that of S07. Comparison of equal numbers 
(5 X 105) of SZ , first-stage MZ, and second-stage MZ, indi-
cates that S07 is present in first-stage MZ at a level of 25% of 
that in SZ and is undetectable in second-stage MZ (Fig. IB). 
Analysis of S07 transcription by RT-PCR indicates S07 mRNA 
is occurring in un sporulated oocysts and is detectable after 12 
and 24 hr in culture but is at very low levels after 48 and 72 
hr of sporulation in the SZ and second-stage MZ (Fig. IC). 
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FIGURE 2. Western blot (WB) analysis with anti-rbS07 of cell extracts and media during in vitro development of Eimeria tene/la in MDBK 
cells. (A) WB of cell extracts (upper panel) and culture media (lower panel) before SZ invasion (0 hr) and at 5, 24, 48, and 72 hr PI. (B) 
Quantification of S07 (shaded bars) in media and (open bars) in cells during culture. Density scans of blots were normalized to values at 48 hr. 
Values are means of 3 determinations. (C) WB analysis of culture media and 5 X 105 sporozoites (SZ) after 2 hr exposure to culture media 
(media) in vitro with either anti-rbS07 (upper panel) or anti-MIC2 (lower panel). 
S07 is secreted during in vitro development 
The amount of S07 in cell extracts is relatively constant from 
5-48 hr PI and is reduced after 72 hr (Fig. 2A, upper panel). 
S07 is either undetectable or present at a very low level 5 hr 
PI, and secretion of S07 into the media peaks after 48 hr (Fig. 
2A, lower panel). The density of bands representing S07 was 
quantified and normalized (Fig. 2B). Although the amount of 
S07 released into media peaks at 48 hr, the amount in cells is 
relatively constant with a decrease noted at 72 hr. SZ exposed 
to CM for 2 hr released about 10% of the total (media plus that 
contained in SZ) S07 (Fig. 2C, upper panel). Concurrently, 
55% of the total MIC2 was released into the media (Fig. 2C, 
lower panel). 
Localization of S07 during in vitro development 
Anti-S07 reacts with the SZ RB, staining both the anterior 
and posterior RB (Fig. 3A). Second-stage MZ lack staining of 
any distinct structure except for weak staining at the anterior 
tip, observed in some parasites (not shown). EM studies dem-
onstrate S07 is distributed throughout the anterior and posterior 
RB (not shown) but is not associated with any identifiable sub-
structure (Fig. 3B). Antibody to S07 is localized in the anterior 
tip of the parasite, although in much less concentration than in 
the RB. 
Cells containing parasites were stai'rfed with anti-rbS07 dur-
ing in vitro development (Fig. 4). Developmental stages stained 
intensely with anti-S07, and parasites within cells were visible 
after 5 hr in culture (Fig. 4A). Often, SZ not yet penetrated into 
cells could be observed to have S07 translocated to the anterior 
tip (not shown). After 24 hr, parasites were beginning to be-
come round in shape, but trophozoites were not readily apparent 
(Fig. 4B). Formation of schizonts at 48 hr corresponds to the 
peak of S07 in CM described above (Fig. 4C). A large number 
of extracellular first-stage MZ from disrupted schizonts were 
observed at 72 hr (Fig. 4D). First-stage MZ stained with anti-
S07 often in 1 or 2 intense spots. There was no staining of 
parasites or control cells with control (nonimmunized) rabbit 
sera. However, it was noted that uninfected cells displayed a 
uniform, weak, surface fluorescence when exposed to anti-
rbS07 (not shown). 
DISCUSSION 
The current results indicate that S07 is localized to the an-
terior and posterior RB of SZ, and its expression is develop-
mentally regulated. The localization of S07 to the RB with 
antibody to rbS07 is consistent with other observations that 
monoclonal antibody (MAb) 1209, which has been shown to 
recognize S07 (Kopka et aI., 2000; R. Fetterer, unpubI. obs.), 
specifically stains the RB of Eimeria species (Danforth and Au-
gustine, 1989; de Venelles et aI., 2006). 
Transcription of S07 is most prominent in very early stages 
of sporulation, whereas the protein is at detectable levels about 
6-12 hr later. This pattern of expression seems to be character-
istic of SZ proteins. In a manner similar to that observed for 
S07, the aspartic protease eimepsin, an RB protein, is devel-
opmentally regulated during sporulation with expression of the 
protein lagging behind that of transcription and with accumu-
lation of the protein in the SZ with little transcription (Jean et 
aI., 2001). Microneme proteins are also differentially regulated, 
with transcription occurring during early stages of sporulation, 
whereas the proteins are detected only toward the end of the 
process as the sporozoites develop within the sporocysts (Ryan 
et aI., 2000). 
Qualitatively, RT-PCR analysis indicated that S07 transcrip-
tion is either absent or at a low level in sporozoites. A search 
of databases reveals only 2 S07 transcripts in SZ express se-
quence tags, further suggesting that transcription of S07 in E. 
tenella SZ is minimal. However, it is not clear whether this 
accurately reflects the amount of transcription. There appears 
to be regulation of S07 during intracellular development. It is 
possible that S07 observed in schizonts and first-stage MZ is 
derived from S07 in the RB of SZ. There are more than 100 
first-stage MZ produced from a single schizont (Chapman and 
Shirley, 2003), and if S07 contained in invading SZ is simply 
divided upon cell division, S07 should be present in first-stage 
MZ at a level of 1 % or less relative to SZ. S07 is clearly 
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FIGURE 3. Localization of S07 to refractile body. (A) Staining of anterior. and posterior RB of Eimeria tene/la sporozoites with anti-rbS07 
and FITC-labeled secondary antibody. Eloctron microscopic examination indicated both the posterior (B) and anterior (C) refractile body (RB) 
of E. tene/la SZ were labeled throughout (dark particles) by staining with anti-rbS07 with gold conjugated secondary antibody. Small amounts 
of S07 were also detected in anterior tip of SZ. 
present in first-stage MZ by both microscopy and WB at 25% 
that of SZ. Therefore, it is likely that there is sufficient tran-
scription and translation to support a moderate increase in S07 
during early stages of intracellular development. This conclu-
sion is consistent with the previous observation that Northern 
blot analysis of a S07 homolog during in vitro development of 
E. bovis indicated that mRNA expression is relatively constant 
during intracellular development (Abrahamsen et aI., 1994). 
Further supporting continuing synthesis of S07 during intra-
cellular development is the observation that S07 is present in 
cells at a relatively constant level and is released into the media 
in an increasing amount from 5 to 48 hr, suggesting translation 
of the protein to maintain S07 levels during schizogony. Levels 
of S07 in cells and the media decrease at 72 hr are most likely 
because of release of MZ from cells. Apparently, S07 is lost 
from the parasite during transition to the second-stage MZ. In 
the current results, both transcripts and protein itself were un-
detectable in second-stage MZ. Consistent with this observation 
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FIGURE 4. Staining of MDBK cells with anti-S07 antibody during in vitro development of Eimeria tenella. (A) At 5 hr in culture, the SZ 
stained with S07 was observed within cells (arrows). (B) At 24 hr, intracellular SZs were more rounded in appearance and staining with anti-RB 
S07 was more uniform (arrows). (C) By 48 hr, schizonts containing developing MZ stained intensely for S07 (aITows). (D) After 72 hr, many 
schizonts had erupted releasing 1st stage MZ (arrow), which stained with anti-rbS07 in I or 2 intense spots. 
is the recent report that S07 is absent from second-stage MZ 
by 2D gel analysis (deVenelles et aI., 2006). Previously, Dan-
forth and Augustine (1989) demonstrated in ultrastructural stud-
ies that RB material stained with MAb 1209 was quickly lost 
from the first-stage MZ after invasion of other cells and was 
absent in second-stage MZ. In the current study, S07 was ob-
served in first-stage MZ in I or 2 d.iscreet dots of material in 
a manner similar to that observed by Danforth and Augustine 
(1989). Eimeria tenella MZ lack RB so that the appearance of 
an RB protein in MZ may reflect residual material from the 
dissolution of the RB . These observations together suggest, at 
least circumstantially, that S07 is an essential protein for early 
development, first schizogony, and the formation of first-stage 
MZ but is not involved in further development. 
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A previous study (deVenevelles, 2006) suggested a role for 
S07 in cellular invasion by SZ. Upon pretreatment of SZ with 
serum-containing media, S07 is released into the CM; this may 
be a stimulus to release microneme proteins and mimic the 
invasive process (Bumstead and Tomley, 2000). In addition, 
treatment with the kinase inhibitor staurosporine, which inhibits 
microneme release, prevented release of S07. S07 also trans-
located to the apical end of the parasite after exposure to serum-
containing media. Localization of S07 to the tip of some SZ 
that had not yet invaded MDBK cells after 2 hr in culture has 
also been observed (R. Fetterer, unpubl. obs.). Like the previous 
study, our current results indicate release of S07 into the media 
upon treatment with serum-containing media, but the amount 
released was less than 10% of the total within the SZ, which 
seems minimal if S07 has a direct role in cellular invasion. In 
contrast, more than 50% of the total microneme protein MIC2, 
which is clearly involved in the invasion process, was released 
upon exposure of SZ to serum-containing media. Consistent 
with an indirect role for S07 in invasion, Augustine (1999) 
demonstrated that pretreatment of SZ with MAb 1209 did not 
prevent invasion, but pretreatment of cells for 45 min with MAb 
1209 reduced subsequent SZ invasion. In addition, control cells 
were stained with MAb 1209. The author concluded that there 
may be similar molecules in parasite and host cells that are key 
for cellular invasion. Consistent with this observation, surface 
staining of control cells with anti-rbS07 was also noted in the 
current study. SZ is a stage of the parasite highly specialized 
for invasion of the cells so that most of the proteins and the 
organelles of the SZ are most likely required, if only indirectly, 
for invasion of cells and subsequent development. Although it 
is possible the S07 plays a direct role in SZ invasion, the cur-
rently available data best support a hypothesis that S07 is not 
directly required for cell invasion but is essential for intracel-
lular development. 
The RB may function as a reservoir of protein involved in 
intracellular development, and more than 80 proteins have been 
recently identified in the RB of E. tenella (deVenevelles et al., 
2006). Although it is clear that S07 is a major constituent of 
the RB and is most likely involved in intracellular development, 
its specific and defining function remains unknown. Althaugh 
many of the other RB proteins have been at least tentatively 
identified by homology, S07 lacks homology with known pro-
teins. Because of its abundance and relative stability throughout 
early developmental stages of E. tenella, S07 may be a struc-
tural component of the RB. In many respects, proteins like S07 
that are unique to Eimeria spp. with little homology to the host 
are of most potential value in development of novel controls, 
but the ultimate elucidation of their true function may be the 
most difficult. 
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ROLE OF ACTIVATED MACROPHAGES IN ACANTHAMOEBA KERATITIS 
Hassan Alizadeh, Sudha Neelam, and Jerry Y. Niederkorn 
Department of Ophthalmology and Microbiology, University of Texas Southwestern Medical Center, Dallas, Texas 75390-9057. e-mail: 
hassan. alizadeh@utsQuthwestern.edu 
ABSTRACT: The purpose of this study was to determine whether activating the conjunctival macrophages would affect the course 
of Acanthamoeba spp. keratitis in a Chinese hamster model of this disease. Chinese hamster spleen cells were stimulated with 
concanavalin A (Con A), and interferon gamma (IFN-'Y) --containing supernatants were collected 24 hr later. The IFN-'Y-containing 
supernatants were loaded into liposomes, which were fed to peritoneal macrophages in vitro. Macrophage activation was assessed 
by testing for production of nitric oxide (NO) with the use of Griess reagent. Conjunctival macrophages were activated in situ 
by subconjunctival injection of liposomes containing Con A-activated spleen cell culture supernatants. Control Ii po somes were 
loaded with phosphate-buffered saline (PBS). Macrophages exposed to supernatants from Con A-stimulated spleen cells produced 
4-fold-higher amounts of NO than unstimulated macrophages. Activation of macrophages via subconjunctival injection of Jipo-
somes containing supernatants from Con A-stimulated spleen cell cultures resulted in rapid resolution of the corneal infection. 
Approximately 80% of animals treated with PBS-containing liposomes demonstrated evidence of corneal disease at day 14 
compared to 10% incidence of infection in the Con A-treated group. Moreover, at all time points examined, the clinical appearance 
of the keratitis in animals treated with liposomes containing Con A supernatant was significantly reduced compared to the group 
treated with liposomes containing PBS (P < 0.05). Macrophages stimulated with IFN-'Y-containing supernatants killed significant 
numbers of the trophozoites in vitro (P < 0.05). Killing was inhibited by cytochalasin D, but not by L-N6-1-iminoethyl-L-Iysine 
dihydrochloride (L-NIL), which is a selective inhibitor of inducible NO synthase (INOS). 
Acanthamoeba spp, are extracellular protozoan organisms 
that have been isolated from a variety of environments (Ali-
zadeh, 1996), Acanthamoeba spp. keratitis is a vision-threat-
ening corneal infection caused by free-living, pathogenic amoe-
bae belonging to this genus (Visvesvara et aI., 1975; Mathers 
et aI., 1996). Characteristic disease symptoms include a ringlike 
opaque infiltrate underlying a corneal epithelial ulcer, along 
with a disproportionately higher degree of pain than with other 
forms of keratitis (Moore, 1988; McCulley et aI., 1995), Treat-
ment of the disease is very demanding, consisting of hourly 
applications of Brolene, polyhexamethylene biguanide, or 
chlorhexidine, topically for several weeks. Even with such reg-
imented therapies, patients often require corneal transplants, 
which can, in turn, become reinfected by dormant amoebae (AI-
izadeh, 1996; Schaumberg et aI., 1998). At least 8 species of 
Acanthamoeba have been implicated in corneal infection 
(Schaumberg et aI., 1998). Historically, Acanthamoeba spp. 
keratitis has been associated with trauma and exposure to con-
taminated water. However, an association between contact lens 
wear and corneal infection with Acanthamoeba spp. has become 
apparent. Previous studies have shown that more than 80% of 
the cases of Acanthamoeba spp. keratitis occurred in contact 
lens wearers (Auran et aI., 1987; Moore, 1988). Considering 
the ubiquity of the parasite and the large population of contact 
lens wearers, it is somewhat surprising that the prevalence of 
Acanthamoeba spp. keratitis is not as high as other corneal 
pathogens. In fact, the true prevalence 'of Acanthamoeba spp. 
keratitis may be higher than that reported previously. 
Another potentially important factor in this disease is the role 
of the host's immune response, Although little is known about 
the immune effector mechanisms that act against Acantham-
oeba spp. during ocular infection, histological studies on the 
course of keratitis in experimental animals have shown that 
macrophages are present during the initial stage of infection 
(Larkin and Easty, 1991). We have previously shown that mac-
rophages display a chemotactic response to Acanthamoeba spp. 
antigens and can readily kill its trophozoites in vitro (Stewart 
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et aI., 1992), Although resting macrophages can induce tropho-
zoites to encyst, the presence of interferon-/, and Acanthamoeba 
spp.-specific antibody dramatically increases the capacity of 
macrophages to kill trophozoites in vitro, suggesting that acti-
vated macrophages eliminate trophozoites in vivo (Stewart et 
aI., 1994; Marciano-Cabral and Toney, 1998). Although mac-
rophages do not respond chemotactically to intact cysts, recent 
evidence indicates that macrophages demonstrate a positive 
chemotactic response to cyst lysate and are capable of killing 
cysts in vitro by phagocytosis (Hurt et aI., 2003). We demon-
strated that in situ depletion of conjunctival macrophages with 
liposomes containing the macrophagicidal drug dichloromethy-
lene diphosphonate (Clodronate) profoundly affected the inci-
dence, severity, and chronicity of keratitis in Chinese hamsters 
(van Klink et aI., 1996). We hypothesize that macrophages act 
as a first line of defense and eliminate significant numbers of 
Acanthamoeba spp. trophozoites. Accordingly, the acute nature 
of Acanthamoeba keratitis in Chinese hamsters is likely to be 
due to prompt and effective activation of conjunctival macro-
phages. 
Thus, the purpose of the present study was to determine 
whether activating the conjunctival macrophage would affect 
the course of the disease in the Chinese hamster model of Acan-
thamoeba spp. keratitis. Activation of conjunctival-limbal mac-
rophages will be achieved by subconjunctival injection of li-
posomes containing concanavalin A (Con A)-activated spleen 
cell culture supernatants from Chinese hamsters. The current 
results demonstrate that in vivo activation of macrophages has 
a profound effect on the incidence, severity, and chronicity of 
Acanthamoeba spp. keratitis in Chinese hamsters, 
MATERIALS AND METHODS 
Animals 
Chinese hamsters were purchased from Cytogen Research and De-
velopment, Inc. (West Roxbury, Massachusetts). All animals used were 
from 4 to 6 wk of age, and all corneas were examined before experi-
mentation to exclude animals with preexisting corneal defects. Animals 
were handled in accordance with the Association of Research in Vision 
and Ophthalmology (ARVO) Statement on the Use of Animals in Oph-
thalmic and Vision Research. 
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Parasites 
Acanthamoeba castellanii ATCC 30868, originally isolated from a 
human cornea, was obtained from the American Type Culture Collec-
tion, Rockville, Maryland. Parasites were grown as axenic cultures in 
peptone-yeast-extract glucose (PYG) at 35 C with constant agitation. 
Contact lens preparation 
Contact lenses were prepared from Spectra/Por dialysis membrane 
tubing (Spectrum Medical Industries, Los Angeles, California) with the 
use of a 3-mm trephine and heat sterilized. Lenses were placed in sterile 
96-well microtiter plates (Costar, Cambridge, Massachusetts) and in-
cubated with 3 X 106 A. castellanii trophozoites at 35 C for 24 hr. 
Attachment of parasites to the lenses was verified microscopically be-
fore infection. 
In vivo corneal infections 
Acanthamoeba spp. keratitis was induced as described previously 
(Hurt et aI., 2001). Briefly, Chinese hamsters were anesthetized with 
ketamine (100 mg/kg; Fort Dodge Laboratories, Fort Dodge, Iowa) in-
jected peritoneally. Prior to manipulation, the corneas were anesthetized 
with Alcain (Alcon Laboratories, Fort Worth, Texas), a topical anes-
thetic. Approximately 25% of the cornea was abraded with the use of 
a sterile cotton applicator before the parasite-laden lens was planted 
onto the center of the cornea. The eyelids were then closed by tarsor-
rhaphy with 6-0 ethilon sutures (Ethicon, Somerville, New Jersey). The 
contact lenses were removed 3-4 days postinfection (PI) and inspected 
for severity of disease. The infection was scored on a scale of 0-5 based 
on the following parameters: corneal infiltration, corneal neovascular-
ization, and corneal ulceration. The pathology was recorded as follows: 
o = no pathology, 1 = <10% of the cornea involved, 2 = 10-25%,3 
= 25-50%, 4 = 50-75%, and 5 = 75-100%, as described previously 
(Hurt et aI., 2001). Any animals receiving a score of at least 1.0 for 
any parameter was scored as infected. 
T-Iymphocyte preparation 
Spleens were removed from Chinese hamsters, minced, and passed 
through a nylon mesh to obtain single-cell suspensions. After being 
treated with 5 ml of erythrocyte lysis buffer, the cells were resuspended 
in RPMI 1640. A stock of nylon wool colunms was prepared before 
each series of experiments. The cells were added to the nylon wool 
colunms and were then eluted from the nylon wool, and the T lympho-
cytes were counted and stored on ice. 
Preparation of Concanavalin A-stimulated spleen cell 
supernatants 
T lymphocytes (1 X lOn/ml) were cultured in RPMI medium irr cell-
culture flasks. Concanavalin A (Con A: 1.0 fLg/ml) was added to each 
flask before incubation at 37 C for 72 hr. Supernatants were collected, 
filtered, and stored at - 20 C until use. 
Isolation of macrophages 
Peritoneal macrophages were harvested from Chinese hamsters to 
verify activation of macrophages by Con A supernatants or activation 
of macrophages by liposomes containing Con A supernatants. Peritoneal 
exudates were collected as described before (van Klink et aI., 1996). 
Briefly, each animal received 2 ml of 2.5% thioglycollate injected in-
traperitoneally 4-5 days before being killed. Immediately thereafter, the 
peritoneal cavities were washed 2 times with 10 ml of Hanks' balanced 
salt solution (HBSS). Peritoneal exudate cells were centrifuged and plat-
ed onto Petri dishes and incubated in 5% CO2 at 35 C for 1.5 hr. 
Because peritoneal exudate cell cultures contain nonadherent lympho-
cytes as well as highly adherent macrophages, the nonadherent cells 
were aspirated, the dishes were then washed with ice-cold HBSS, and 
the adherent macrophages were gently scraped off the bottom of the 
dish with a cell scraper. Macrophages were washed 3 times and resus-
pended in complete RPMI 1640. Viable macrophages were counted with 
a hemocytometer and trypan blue exclusion and plated in 24-well plates 
for in vitro experiments. 
The murine macrophage cell line RAW 264.7 was obtained from the 
American Type Culture Collection. Cells were cultured in complete 
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RPMI-1640 containing 10 mM HEPES buffer solution; 1 % nonessential 
amino acids solution; 2 mM L-glutamine; 1 mM sodium pyruvate so-
lution; 1 % penicillin, streptomycin, and amphotericin B; and 10% fetal 
calf serum. 
Liposome-containing supernatants from Con A-stimulated 
spleen cell cultures 
Multilamellar liposomes were prepared as described earlier (van 
Klink et aI., 1996). Briefly, 8 mg of cholesterol and 86 mg of phos-
phatidylcholine (Sigma-Aldrich, St. Louis, Missouri) were dissolved in 
10 ml of chloroform in a round-bottomed flask. After low-vacuum ro-
tary evaporation at 37 C, a thin film formed on the inner surface of the 
flask. This film was then dispersed by gentle rotation overnight at 37 
C in a mixture containing supernatants from Con A-stimulated spleen 
cell cultures in 10 ml of PBS. To remove free Con A-stimulated spleen 
cell supernatant, liposomes were then washed twice in PBS by centri-
fugation at 10,000 g for 30 min and resuspended in 4 ml of PBS. PBS-
containing liposomes were prepared similarly. Liposomes containing 
supernatants from Con A-stimulated spleen cell cultures were tested for 
in vitro induction of NO activity on peritoneal macrophages prior to 
use. Clodronate liposomes selectively deplete macrophages, and are not 
toxic to other phagocytic cells (Van Rooijen, 1989; Selander, 1996). 
Liposome treatment 
Liposome-containing supernatants from Con A-stimulated spleen cell 
cultures (50 fLI) were administered via subconjunctival injection on days 
-9, -7, -5, and -3 prior to infection with Acanthamoeba spp.-Iaden 
lenses (van Klink et aI., 1996). Liposomes were injected into 4 quad-
rants of the eye encircling the entire conjunctiva. Injection of PBS-
containing liposomes does not deplete resident macrophages or alter the 
severity of disease (van Klink et aI., 1996). 
Quantification of NO synthesis 
Macrophage activation was quantified by measuring mtnc oxide 
(NO) production (Green et aI., 1982). Chinese hamster peritoneal mac-
rophages were plated at 5 X 104 cells/well in a 24-well plate. Macro-
phages were activated with either Con A-stimulated spleen cell cultures 
or liposomes containing supernatants from Con A-stimulated spleen 
cell cultures. Controls consisted of macrophages cultured with medium 
alone or liposomes containing PBS. After 24 and 48 hr of incubation 
at 37 C, 100 fLI of supernatant was removed and assayed for nitrite, a 
stable reaction product of NO. As a positive control for activation, RAW 
264.7 cells were stimulated with 2 fLg/ml LPS (Sigma-Aldrich) and 100 
ng/ml IFN-,/ (BD Biosciences Pharmingen, San Diego, California), as 
described previously (Chu et aI., 1998). Supernatants were then incu-
bated with 100 fLI of Griess reagent (Sigma-Aldrich) in a 96-well flat-
bottomed plate for 10 min, and the OD was read at 590 nm in a mi-
croplate reader as described previously (Hurt et aI., 2003). To determine 
NO concentration, a standard curve of NO production was generated 
by incubating serial dilutions of sodium nitrite (Sigma-Aldrich) with 
Griess reagent. Results are expressed as fLM of NO. 
Cy!otoxicity assays 
Acanthamoeba castellanii trophozoites were metabolically labeled as 
described previously (Leher et aI., 1998). Briefly, trophozoites (5 X 106/ 
ml in PYG) were cultured with 100 fLCi of 3H-uridine (ICN Biomedi-
cals, Inc., Irvine, California) overnight at 35 C. Radiolabeled tropho-
zoites were washed 3 times in RPM!. Radiolabeled trophozoites (3 X 
104 ) were added to microtiter wells containing 3 X 105 macrophages 
activated with Con A-stimulated spleen cell cultures (activated mac-
rophages) or medium alone (nonactivated macrophages ). Twenty-four 
hours after incubation, the microtiter plates were centrifuged, superna-
tants were collected and counts per minute were determined on a scin-
tillation counter. Spontaneous release was measured from radiolabeled 
trophozoites incubated in RPMI medium. Maximum release counts per 
min (cpm) were determined by measuring the amount of radioactivity 
present in the supernatants and the trophozoite Iysates from wells con-
taining radiolabeled trophozoites in RPMI medium. The percent of spe-
cific release of radioactivity that correlates to cytolysis of trophozoites 
was calculated by the following formula: 
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FIGURE I. Contact-dependent killing of Acanthamoeba castellanii 
trophozoites by macrophages (Mac). Chinese hamster macrophages 
were activated with Con A-stimulated spleen cell supernatants (acti-
vated macrophages) or medium alone (unactivated macrophages) and 
coincubated with radiolabeled A. castellanii trophozoites for 24 hr. Bars 
represent percent specific release of radiolabel from amoebae (mean :±: 
SD). * = significantly different from nonactivated macrophages (P < 
0.05). 
. . cpm of supernatant - spontaneous cpm 
% specIfIc release = . X 100. 
maXImum cpm - spontaneous cpm 
Cytolytic assays with the use of activated macrophage 
supernatants 
Peritoneal macrophages 5 X 106/ml were activated in RPMI medium 
containing supernatants from Con A-stimulated spleen cell cultures or 
PBS. After 24 or 48 hr incubation, 200 fLl of conditioned medium were 
removed, centrifuged, and added to 3 X 104 radiolabeled trophozoites. 
Wells containing trophozoites in medium alone served as negative con-
trols. Assays were performed in triplicate and cpm in the supernatants 
were determined as described previously. To determine whether mac-
rophage cytolytic activity was due to the production of nitric oxide, 500 
mM L-N6-(l-iminoethyl)-L-lysine dihydrochloride (L-NIL; Sigma), or 
500 mM N,,-nitro-D-arginine methyl ester hydrochloride (D-NAME; Sig-
ma), the L-NIL isomer control, were added to the cocultures containing 
IFN-jI and LPS activated RAW 264.7 cells and trophozoites (Rees et 
aI., 1990; Fischer-Stenger and Marciano-Cabral, 1992; Stenger et aI., 
1994). An additional set of experiments was performed to ensure that 
the drugs used were nontoxic to trophozoites at the concentrations used 
in the cytolysis assays. Incubations were performed in 96-well plates at 
35 C in 5% CO2 for 24 hr. Final volumes were 200 fLl per well. Assays 
were performed in triplicate, and cpm in the supernatants were deter-
mined as described previously. 
Inhibition of macrophage phagocytosis 
To determine the role of phagocytosis in'the macrophage-mediated 
killing of trophozoites, 5 X 10' macrophages activated with Con A-
stimulated spleen cell cultures (activated macrophages) were incubated 
with or without cytochalasin D (50 fLg/well; Sigma) prior to their use 
in cytolysis assays. Incubations were in 96-well plates at 35 C in 5% 
CO2 for 4 and 24 hr. After incubation, 3 X 104 radiolabeled trophozoites 
were added to the macrophages. Final volumes were 200 fLl. Wells 
containing trophozoites in medium alone were the negative controls. 
Assays were performed in triplicate; cytolysis of trophozoites was cal-
culated based on the released radiolabel in the supernatants, which was 
determined as described earlier. 
Statistics 
Statistical analyses of cytolysis assays were performed with the use 
of the unpaired Student's t-test. Clinical severity scores were analyzed 
by the Mann-Whitney U-test. 
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FIGURE 2. Contact-independent cytolytic assay of supernatant from 
activated and nonactivated macrophages (Mac SN) against A. castellanii 
trophozoites. Conditioned medium from macrophages activated with 
Con A-stimulated spleen cell cultures (activated macrophages) and un-
treated macrophage cultures (unactivated macrophages) were incubated 
with A. castellanii trophozoites and assayed for cytolytic ability. Bars 
represent mean:±: SD of triplicate counts by trypan blue exclusion. The 
number of trophozoites incubated in conditioned medium from acti vated 
macrophages was not significantly different from unactivated macro-
phages (P > 0.05). 
RESULTS 
Contact-dependent and -independent killing of 
A. castel/anii trophozoites by macrophages 
Amoebolytic capability of resting and activated macrophages 
was examined in vitro. Resting macrophages and activated mac-
rophages were incubated with 3H-uridine-labeled A. castellanii 
trophozoites, and the cytotoxicity was measured in vitro. Mac-
rophages cultured in medium alone (resting macrophages) 
killed 10% of the trophozoites after 24 hr in culture. However, 
macrophages activated with Con A-stimulated cultures (acti-
vated macrophages) killed 49% of the trophozoites within 24 
hr (Fig. 1). The above experiments indicated that macrophages 
were capable of killing trophozoites, but it is not known wheth-
er this cytolytic ability was entirely due to contact-dependent 
mechanisms or arose from the secreted products. To test this, 
conditioned medium from macrophages activated with Con A-
stimulated spleen cell cultures (activated macrophages) and un-
treated macrophage cultures (unactivated macrophages) were 
incubated with A. castellanii trophozoites and assayed for cy-
tolytic ability. The results indicated that conditioned medium 
from Con A-stimulated macrophages (activated macrophages) 
was not cytolytic to A. castellanii trophozoites (Fig. 2). To de-
termine if supernatants from Con A-stimulated spleen cell cul-
tures were activated, macrophages were incubated with medium 
alone or Con A-stimulated spleen cell cultures for 24 hr and 
assessed for their activation status by measuring nitrite gener-
ation, a stable reaction product of NO. Freshly isolated hamster 
macrophages produced similar amounts of NO as the medium 
controls. By contrast, macrophages activated wiL.'1 supernatants 
from Con A-stimulated spleen cell cultures produced more than 
3 times the amount of NO as compared to untreated macro-
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FIGURE 3. Activation of hamster macrophages (Mac) with super-
natants from Con A-stimulated spleen cells. Chinese hamster macro-
phages were stimulated with either Con A supernatant (activated mac-
rophages) or medium alone (unactivated macrophages). RAW 264.7 
cells treated with 2 fLg/ml LPS and 100 ng/ml IFN--y served as positive 
control for macrophage activation. Nitric oxide production (NO) was 
measured 24 hr later (mean ± SD). * = significantly different from 
unactivated macrophages (P < 0.05). 
phages (Fig. 3). Macrophage cell line RAW 264.7 cells were 
used as positive controls. Treatment of RAW cells with IFN--y 
and LPS significantly activated macrophages compared with the 
untreated control group (Fig. 3). 
Inhibition of macrophage cytolysis with cytochalasin 0 
To determine the role of phagocytosis in the macrophage-
mediated killing of trophozoites, 5 X 105 activated peritoneal 
macrophages were incubated with or without cytochalasin D 
(50 j.1g/well; Sigma) prior to using them in cytolysis assays. 
Incubations were in 96-well plates at 35 C in 5% CO2 for 4 
and 24 hr. After incubation, 3 X 104 radiolabeled trophozoites 
were cocultured with hamster macrophages that had been ac-
tivated with Con A-stimulated spleen cell cultures. Acti.vated 
macrophages killed 60% of the trophozoites within 24 hr of 
coincubation. By contrast, nonactivated macrophages killed 
only 18% ofthe trophozoites. Activated macrophages incubated 
with cytochalasin 0 had an approximately 80% and 98% inhi-
bition in their ability to kill trophozoites at 4 and 24 hr after 
incubation, respectively (Fig. 4). 
Effect of nitric oxide inhibitor on the amoebolytic 
capability of macrophages 
To test whether NO might be responsible for the cytolytic 
ability of the macrophages, trophozoites were incubated with 
LPS and IFN--y-activated RAW 264.7 cells in the medium con-
taining 500 mM L-N6-(1-iminoethyl)-L-Iysine dihydrochloride 
(L-NIL; Sigma), an inhibitor of NO, or in the medium contain-
ing 500 mM Nw-nitro-o-arginine methyl ester hydrochloride (0-
NAME; Sigma), the isomer control. Macrophages treated with 
either L-NIL or its control isomer, o-NAME, were equally ef-
fective in killing trophozoites (Fig. 5). Moreover, neither L-NIL 
nor o-NAME was cytolytic for trophozoites. Similar experi-
ments using macrophages from hamsters stimulated with the 
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FIGURE 4. Inhibition of macrophage phagocytosis with cytochalasin 
D. Chinese hamster macrophages (Mac) activated with Con A-stimu-
lated spleen cell cultures (activated macrophages) were coincubated 
with radiolabeled A. castellanii trophozoites in the presence or absence 
of 50 fLg/200 fLI cytochalasin D (Cyto D) for 4 and 24 hr. Bars represent 
percent specific release of radiolabel from amoebae (mean ± SD). * = 
significantly different from untreated macrophages (P < 0.05). 
IFN--y-containing supernatants produced similar results (data 
not shown). 
Effect of in situ activation of conjunctival macrophages 
on the severity of A. castel/anii keratitis 
Having confirmed the potency of activated macrophages to 
kill A. castellanii trophozoites in vitro, we next examined 
whether activating the conjunctival macrophages would affect 
the course of the disease in the Chinese hamster model of Acan-
thamoeba spp.-induced keratitis. Activation of macrophages in 
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FIGURE 5. Effect of nitric oxide inhibitor on amoebolytic capability 
of macrophages. RAW 264.7 cells were activated with IFN--y and LPS 
and coincubated with A. castellanii trophozoites in the presence of NO 
inhibitor L-NIL or isomer control D-NAME for 24 hr. Bars represent 
percent specific release of radiolabel from amoebae (mean ± SD). 
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FIGURE 6. Liposome activation of macrophages. Hamster spleen 
cells were stimulated with concanavalin A (Con A) for 24 hr. The su-
pernatants were collected and encapsulated in liposomes. Chinese ham-
ster macrophages were stimulated with either liposomes containing Con 
A supernatant or liposomes containing PBS. Nitric oxide production 
(NO) was measured 24 hr later. The experiment was performed in trip-
licate (mean ± SD). * = significantly different from liposomes con-
taining PBS-treated macrophages (P < 0.05). 
the cornea-limbus and conjunctiva was achieved by 4 subcon-
junctival injections of liposomes containing Con A-activated 
spleen cell culture supernatants. To determine if liposomes con-
taining Con A-activated spleen cell culture supernatants acti-
vate macrophages, liposomes containing the supernatants or 
PBS were added to the Chinese hamster peritoneal macrophag-
es in vitro. Macrophage activation was determined by measur-
ing nitrite generation. Macrophages exposed to supernatants 
from liposomes containing Con A-stimulated spleen cells pro-
duced 4-fold higher amounts of NO than supernatants from li-
posomes containing PBS (unactivated macrophages) (Fig. 6). 
Activation of macrophages via subconjunctival injection of li-
posomes containing supernatants from' Con A-stimulated 
spleen cell cultures resulted in rapid resolution of the cOl1leal 
infection. Approximately 80% of animals treated with PBS-con-' 
taining liposomes demonstrated evidence of corneal disease at 
day 14 (PI), compared to a 10% prevalence of infection in the 
Con A-supernatant treated group (Fig. 7). Moreover, at all time 
points examined, the clinical appearance of the keratitis in an-
imals treated with liposomes containing Con A supernatants 
was significantly reduced compared to ,the group treated with 
liposomes containing PBS (P < 0.05). 
DISCUSSION 
The purpose of this study was to determine whether activat-
ing conjunctival macrophages would affect the course of the 
disease in the Chinese hamster model of A. castellanii keratitis, 
and whether the macrophages were capable of eliminating the 
amoebae in vitro. We also examined the mechanisms of destruc-
tion of A. castellanii trophozoites by macrophages. 
Histological studies on the course of Acanthamoeba spp. ker-
atitis in experimental animals have shown that macrophages are 
present during the initial stage of infection (Mathers et al., 
1987; Larkin and Easty, 1991; Garner, 1993; Niederkorn et al., 
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FIGURE 7. Effect of activation of conjunctival macrophages by li-
posomes containing Con A-stimulated spleen cell supernatants on the 
severity of Acanthamoeba castellanii keratitis in Chinese hamsters. Li-
posomes containing Con A-stimulated spleen cell supernatants or PBS 
(control) were administered via subconjunctival injection on days -9, 
-7, -5, and -3 prior to infection with A. castellanii-infected lenses. 
Contact lenses were removed 3 days PI and corneas were evaluated for 
clinical severity at the times indicated. At all time points hamsters treat-
ed with liposomes containing Con A supernatant displayed infections 
that were significantly milder (P < 0.05) than hamsters treated with the 
liposomes containing PBS or no treatment. Each graph line represents 
the mean severity of 8 animals for the observed times. The results 
shown are representative of 3 separate experiments. 
1999). Moreover, we have previously shown that macrophages 
display a chemotactic response to Acanthamoeba spp. antigens 
and in situ depletion of conjunctival macrophages with lipo-
somes containing the macrophagicidal drug dichloromethylene 
diphosphonate (Clodronate), profoundly affected the incidence, 
severity, and chronicity of keratitis in Chinese hamsters (Stew-
art et al., 1992; van Klink et al., 1996). We hypothesize that 
macrophages act as a first line of defense and eliminate signif-
icant numbers of Acanthamoeba spp. trophozoites. According-
ly, the acute nature of Acanthamoeba spp. keratitis in the Chi-
nese hamster is likely to be due to prompt and effective acti-
vation of conjunctival macrophages. 
The results showed that the Raw 264.7 macrophage cell line 
activated with IFN--y and LPS and peritoneal macrophages ac-
tivated with supernatants from Con A-stimulated T cells sig-
nificantly killed trophozoites at 24 hr after incubation. Past 
studies of the interaction of macrophages with Acanthamoeba 
spp. trophozoites have shown that macrophage activation is the 
key to successful clearance of trophozoites (Marciano-Cabral 
and Toney, 1998; Toney and Marciano-Cabral, 1998). The cy-
tolytic molecules that activated macrophages use to destroy 
pathogens are not clearly defined. NO produced by nitrogen 
oxidation of L-arginine reportedly plays an important role as a 
cytolytic effector molecule of activated macrophages. Resident 
tissue macrophages produce very little NO de novo; however, 
activated macrophages produce high levels of NO (Granger et 
al., 1990). In the present study, the role of NO as the source of 
amoebicidal activity was investigated. Macrophages that were 
incubated with (L-NIL), a powerful inhibitor of NO, did not 
display reduced cytolytic activity as compared with untreated 
macrophages. Previous studies using another free-living amoe-
ba, Naegleria fowleri, indicated that NO was the active mole-
cule responsible for cytolysis of the parasite (Fischer-Stenger 
and Marciano-Cabral, 1992). Our results indicate that A. cas-
tellanii trophozoites are killed by NO-independent mechanisms. 
Conditioned supernatants from activated macrophages did not 
kill the trophozoites. This was not unexpected as the amoebi-
cidal activity of macrophages is largely attributed to contact-
dependent mechanisms (Marciano-Cabral and Toney, 1998). 
Macrophages treated with cytochalasin D, a powerful inhibitor 
of actin polymerization, displayed approximately lOO% inhi-
bition in their ability to eliminate trophozoites. These results 
indicate that macrophages rely almost entirely on contact-de-
pendent mechanisms for clearing the trophozoites. Repeated 
subconjunctival injections of liposomes containing Con A-stim-
ulated T-cell supernatants had a profound effect on the course 
of A. castellanii-induced keratitis. In vivo activation of subcon-
junctival macrophages resulted in less severe diseases. The 
prevalence of infection decreased sharply and the course of the 
keratitis was changed dramatically as well, with a rapid reso-
lution of inflammation. These results strongly suggest that mac-
rophages play an important role in controlling corneal infection 
with Acanthamoeba spp. trophozoites by acting as a first line 
of defense, and T-cell-related activation of macrophages further 
enhances macrophage-mediated elimination of trophozoites. 
This would prevent the disease from becoming chronic because 
the presence of activated macrophages early in the infection 
could prohibit the spread and invasion of the A. castellanii. In 
tum, this would limit the opportunity for the trophozoites to 
infiltrate the cornea and eventually prevent encystment of the 
trophozoites in the corneal stroma. This hypothesis of the first 
line of defense by macrophages is supported by previous studies 
showing that macrophages kill Acanthamoeba spp. trophozoites 
in vitro and elimination of conjunctival macrophages with li-
posomes containing Clodronate resulted in a severe, prolonged 
course of keratitis without resolution in the Chinese hamster 
(Stewart et al., 1992; van Klink et al., 1996; Marciano-Cabral 
and Toney, 1998). Although the absence or paucity of macro-
phages in corneal biopsy specimens and corneal buttons from 
patients with Acanthamoeba spp. keratitis who underwent pen-
etrating keratoplasty calls into question the role of macrophages 
in controlling infection in the cornea (Kremer et aI., 1994), it 
should be noted that most histological studies on patients with 
keratitis have examined corneal specimens during the latter 
stages of disease and not during the acute phase (Mathers et 
aI., 1987; Gamer, 1993; Kremer et aI., 1994). We suspect that 
if macrophages serve as an important 'barrier to corneal infec-
tion, they would exert their effect by preventing the initiation 
of infection and the appearance of clinical signs. This would 
explain the absence of macrophages in previous histopathologic 
studies on human corneal specimens (Kremer et al., 1994) and 
their detection in experimental animals (Badenoch et aI., 1990; 
Larkin and Easty, 1990, 1991). It should be emphasized that 
the current results indicate that the activated macrophage pop-
ulation does not totally inhibit corneal infection in all animals, 
but appears to limit the severity and chronicity of corneal dis-
ease. This effect may be exerted shortly after the parasites bind 
to the corneal surface and, thus, would not be detected by con-
ventional histopathologic methods. We have been unable to de-
tect inducible nitric oxide (iNOS) synthesis by activated mac-
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rophages in situ using rabbit antimouse iNOS IgG antibody or 
primers to mouse iNOS. The possibility that other phagocytic 
cells, such as neutrophils, influence the incidence and severity 
of Acanthamoeba spp. keratitis was not considered in this study, 
as we have previously shown that intracorneal injection of mac-
rophage inflammatory protein (MIP-2) prior to corneal infection 
with Acanthamoeba spp. trophozoites induces neutrophil infil-
tration and results in remarkable amelioration of Acanthamoeba 
spp. keratitis and an early resolution in the corneal lesions in 
experimental animals (Hurt et al., 2001). Moreover, inhibition 
of neutrophil migration into corneas infected with A. castellanii 
results in profound exacerbation of keratitis in Chinese ham-
sters (Hurt et aI., 2001). Thus, manipulating elements of the 
innate immune apparatus may permit the development of ther-
apeutic strategies to treat Acanthamoeba spp. keratitis effec-
tively. Because Acanthamoeba spp. infections are difficult to 
treat, immunotherapeutic innovations are an attractive alterna-
tive treatment. 
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SUBSTANCE P IS ASSOCIATED WITH HEART ENLARGEMENT AND APOPTOSIS IN 
MURINE DILATED CARDIOMYOPATHY INDUCED BY TAENIA CRASSICEPS INFECTION 
Melinda D'Souza, M. Armandina Garza, Min Xie*, Joel Weinstockt, Qian Xiang*, and Prema Robinson:j: 
Department of Medicine (Section of Infectious Disease), Baylor College of Medicine, One Baylor Plaza, Houston, Texas 77030. 
e-mail: premar@bcm.tmc.edu 
ABSTRACT: Dilated cardiomyopathy (degeneration of heart muscle and heart enlargement) is an important cause of heart failure 
among young adults. Dilated cardiomyopathy may be a complication during or after various viral, bacterial, or parasitic diseases. 
Substance P (SP) is a neurotransmitter that is involved in the pathogenesis of various diseases. To determine whether SP is 
associated with cardiac changes in murine cysticercosis, we compared heart-weight to body-weight ratio, cardiac pathology, 
cardiomyocyte size, and cardiac-apoptosis (TUNEL assay) in hearts from Taenia crassiceps-infected (wild-type vs. SP-knockout) 
mice. We noted that, as compared with control uninfected wild-type mice, elevated protein levels of SP and its receptor as studied 
by ELISA or immunohistochemistry, respectively, were elevated in the hearts of parasite-infected wild-type mice. The heart-
weight to body-weight ratios were significantly higher in the parasite-infected wild-type mice versus those of the infected SP-
knockout mice. Furthermore, wild-type infected mice developed dilated cardiomyopathy with increased chamber size of both 
ventricles, decreased ventricular wall thickness, compensatory cardiomyocyte hypertrophy, and increased cardiac apoptosis. This 
cardiac pathology did not develop in mice lacking SP activity (i.e., in infected SP knockout mice) or in uninfected mice. These 
data indicate that SP is associated with cardiac changes in an animal model of parasitic dilated cardiomyopathy. 
Dilated cardiomyopathy (degeneration of heart muscle and 
heart enlargement) is an important cause of heart failure among 
adolescents and young adults (Eckart et aI., 2004). It is a dis-
order caused by viral infections (Coxsackie virus, adenovirus, 
echovirus, picornavirus) or during or after various bacterial 
(Streptococci) or parasitic (Trypanosoma cruzi) infections. Sub-
sequent myocardial destruction often leads to dilated cardio-
myopathy in the above-mentioned parasitic, viral, and bacterial 
infections (Rullan and Sigal, 2001; Greaves et al., 2003; Kitaura 
et aI., 2003; Vinas et aI., 2003; Bedard and Semler, 2004). There 
is currently no specific treatment for dilated cardiomyopathy 
(Rullan and Sigal, 2001; Greaves et aI., 2003; Kitaura et al., 
2003; Bedard and Semler, 2004). 
Cysticercosis is a parasitic infection of humans caused by the 
helminth Taenia solium. The most affected organs are the brain, 
heart, and skeletal muscle. Taenia solium infection of the brain, 
namely neurocysticercosis, is recognized as a leading cause of 
seizures worldwide (Medina et aI., 1990; Murthy and Yangala, 
1998; Cruz et aI., 1999; White, 2000). 
Cardiac cysticercosis is found in as high as 22-25% of pa-
tients with cysticercosis (Lino et aI., 1999, 2002); the disease 
involving the myocardium is rare and usually diagnosed poste 
mortem (Grozdev et al., 1980; Cutrone et aI., 1995; Niakara et 
al., 2002). Pigs also can be infected with the parasite and, as 
in humans, the parasites are found in the brain, heart, and skel-
etal muscles (Alvarez et aI., 2002). Using swine as a model to 
characterize the immune response against parasites, other 
groups have shown that the parasite elioits an immune response 
that is classified into 4 separate stages. In stage I, the parasites 
are surrounded by a thin layer of collagen type I, and in stage 
II, there is a sparse inflammatory infiltrate. There is granuloma 
formation in stage III, and by stage IV, there is an eosinophil-
rich infiltrate that surrounds the parasite and the parasite's ve-
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sicular membrane begins to degenerate. The stage IV lesion is 
detected mainly in the heart but not in the brain (Alvarez et al., 
2002). 
Circulating cytokines have been detected in patients with 
acute dilated cardiomyopathy, suggesting that cytokines may 
play a role in the pathogenesis of myocardial injury in these 
diseases (Matsumori and Sasayama, 1995). Pro-inflammatory 
cytokines are elevated in patients with heart failure (Amosova 
et al., 2004; Parissis et aI., 2004). Binding of TNF-alpha to 
TNF-alpha receptor-l (TNF-Rl) activates death-domain path-
ways leading to necrosis and apoptosis in most tissues including 
the heart (Ankersmit et aI., 2002). Cardiomyocyte necrosis or 
apoptosis or both, via activated tumor necrosis factor (TNF) , 
are related to the development of chronic heart failure and on-
going myocardial damage (Song et aI., 2000; Setsuta et al., 
2004). Interleukin-l (IL-l) plays a role in mediating acute in-
flammation during ischemia-reperfusion (IIR) injury in the 
heart, leading to both necrosis and apoptosis of cardiomyocytes 
(Suzuki et al., 2001). The mediators responsible for the dilated 
cardiomyopathy associated with cysticercosis infection are not 
known. Identification of these mediator(s) may lead to preven-
tion/treatment of dilated cardiomyopathy using specific cyto-
kine antagonists. 
Substance P (SP) is a neuropeptide involved in pain trans-
mission (Honore et al., 2000). Nerves, endothelial cells, and 
cells of the immune system make SP (Ho et aI., 1997; Maggi, 
1997; Weinstock and Elliott, 1998). Receptors for SP are dis-
tributed on cardiomyocytes, neurons, endothelial cells, and im-
munocytes, e.g., lymphocytes and macrophages (Cook et aI., 
1994; Church et aI., 1996; Ho et al., 1997; Goode et al., 1998). 
SP plays a well-established role in neural transmission, vaso-
dilation, and immune-mediated inflammatory processes. Induc-
tion of granulomatous inflammation in other parasitic infec-
tions, e.g., murine schistosomiasis, requires binding of SP to its 
specific receptor (Blum et aI., 1999). In addition, SP stimulates 
the production of cytokines, including lPN-gamma, a Thl cy-
tokine, and other proinflammatory cytokines such as interleukin 
1 beta, interleukin 6, and TNF alpha (Lotz et aI., 1988; Lieb et 
al., 1998; Weinstock and Elliott, 1998; Veronesi et al., 1999; 
Fiebich et al., 2000; Cuesta et aI., 2002). 
In the present study, we used a murine model of cysticercosis 
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caused by Taenia crassiceps to study changes in the heart and 
the role of SP in these changes. 
MATERIALS AND METHODS 
In vivo animal studies 
Murine cysticercosis model: These studies are in accordance with the 
Baylor College of Medicine institutional policy, the Animal Welfare Act 
of 1966, and the Public Health Service revised edition of the Guide for 
the Care and Use of Laboratory Animals as they pertain to the use of 
animals in research and teaching. Taenia crassiceps cysticercosis in 
mice has been used as an experimental model for cysticercosis (Kunz 
et aI., 1989; Larralde et aI., 1990; Sciutto et aI., 1995; Villa and Kuhn, 
1996). Six- to 8-wk-old wild-type female C57BL6 (Harlan Sprague 
Dawley, Inc., Indianapolis, Indiana) and 6- to 8-wk-old female SP 
knockout C57BL6 mice were used for this study. The mice were in-
oculated i.p. with 10 cysts of the ORF strain of T. crassiceps suspended 
in Hanks balanced salt solution. Within a period of 3 mo of infection, 
the peritoneal cavity was filled with large number of cysticerci propa-
gating intraperitoneally by asexual budding. For these studies, we used 
heavily parasitized mice that were infected for 6 mo. All animals were 
killed at 6 mo following infection. Hearts were then collected from each 
animal. The different groups of mice used for these studies were as 
follows: (1) 5 T. crassiceps-infected wild-type mice, (2) 5 T. crassi-
ceps-infected substance P knockout mice, (3) 5 uninfected wild-type 
mice (the same age as T. crassiceps-infected mice), and (4) 5 uninfected 
SP knockout mice (the same age as T. crassiceps-infected mice). 
The hearts from each of the above groups were removed and 
weighed. Hearts were then frozen in liquid nitrogen and used for sub-
stance P protein extraction. 
Histology 
In parallel experiments, hearts were removed after perfusion fixation 
and stored in 70% alcohol until they were sectioned. The sections were 
used for immunochemical staining, TUNEL assay, study of cardiac pa-
thology, or myocyte size determinations. Myocyte diameter across the 
nucleus was calculated by using NIH IMAGE v.1.62; 100 cells were 
blind-counted per heart by 2 observers. 
Substance P protein extraction and quantification 
Hearts from mice (with and without T. crassiceps infection) were 
homogenized with 1% trifluoroacetic acid (TFA; Sigma Chemicals, St. 
Louis, Missouri) and centrifuged at 17,000 g for 15 min at 40 C. The 
supernatant was passed through a Sep-Pak C18 Cartridge (Waters, As-
sociates, Milford, Massachusetts). The cartridge was then washed with 
20 ml of 1 % TFA followed by elution with 3 ml of a 60:40 solution of 
acetonitrile: 1 % TFA. The eluted proteins were quantified using a com-
petitive ELISA kit from R&D Biosystems (Minneapolis, Minnesota). 
Results are expressed as picograms of SP per milligram total protein. 
Immunohistochemistry 
Immunoperoxidase staining was performed as previously described 
on 5-jLm-thick paraformaldehyde-fixed heart sections using the avidin-
biotin method (Robinson et aI., 2002). Briefly, the sections were de-
paraffinized by 2 treatments with xylene t1'5 min each treatment), fol-
lowed by a treatment with 100% ethanol (for 15 min), and rehydration 
by sequential treatment with 95% ethanol in water, 90% ethanol in 
water, 70% ethanol in water, and IX PBS (each treatment for 15 min). 
The endogenous peroxidase activity in the sections was then quenched 
by treatment of the sections for 30 min with 3% hydrogen peroxide. To 
reduce nonspecific binding of the primary antibody, the cells were first 
blocked for 30 min at room temperature with CAS block (Zymed Lab-
oratories, San Francisco, California). The CAS block was then suctioned 
off, and the sections were treated with polyclonal rabbit antibody to 
murine SP receptor, NKI (1: 100; Chemicon, Temecula, California) for 
30 min. The heart sections were then washed with IX PBS with con-
stant stirring (3 times; each wash for 3 min) and treated with horse anti-
rabbit biotinylated conjugate (1:100 in PBS; 30 min). The sections were 
again washed thoroughly with constant stirring with PBS (3 times; each 
wash for 3 min) and was then treated with 2 drops of avidin-biotin 
complex (Vector Laboratories, Burlingame, California) for 30 min, fol-
lowed by washing with PBS (3 times, each wash for 3 min). Finally, 
the sections were stained for 30 sec with freshly prepared solution of 
DAB (3,3'-diamino benzidine) according to the instructions outlined by 
the manufacturers kit (Vector Laboratories). The sections were then 
rinsed in running water and finally counterstained with hematoxylin for 
1 min, followed by washing in running water. The sections were then 
dried, mounted under a glass coverslip in permount, and viewed under 
a light microscope. Slides were considered positive if brown staining 
was noted within the cytoplasm of cells at a level above the level of 
the nonspecific signal in tissue cells. Positive slides were graded semi-
quantitatively by counting 25 high-power fields (X 1,000) in a blind 
fashion on a scale as described previously from 1 + to 3 + (1 +, < 10% 
of the cells were stained; 2 +, 10 to 20% of the cells were stained; 3 + , 
>20% of the cells were stained) (Robinson et aI., 2002). 
TUNEL assay 
The ApopTag Plus Peroxidase In Situ Apoptosis Detection Kit 
(Chemicon) was used in formalin-fixed, paraffin-embedded heart tissues 
to detect apoptotic cells by labeling and to detect DNA strand breaks 
by the TUNEL method. Sections were deparaffinized by washing sec-
tions in 3 changes of xylene, 2 changes of ethanol, once in 95% ethanol, 
once in 70% ethanol and once in IX PBS (5 min each wash). The heart 
tissues were then pretreated with freshly diluted proteinase K (20 jLgl 
ml) for 15 min at room temperature, washed in 2 changes of distilled 
water (2 min each wash), quenched with 3.0% hydrogen peroxide in 
PBS for 30 min at room temperature (to quench endogenous peroxi-
dase), followed by rinsing twice with PBS (5 min each rinse). Equili-
bration buffer was then applied directly on the specimen and incubated 
for at least 10 sec at room temperature. TdT enzyme was applied after 
gently tapping off the equilibration buffer and incubated in a humidified 
chamber at 37 C for 1 hr. Tissue sections were immersed in stop-wash 
buffer, agitated for 15 sec, and incubated for 10 min at room tempera-
ture. The specimen was washed in PBS 3 times (1 min each wash). 
Antidigooxigenin conjugate was then added to the tissue sections and 
incubated in a humidified chamber for 30 min at room temperature, 
washed in PBS. The color was developed in peroxidase substrate for 
3-6 min at room temperature, washed with 3 changes of water and 
.counterstained with 0.25% Metanil yellow, mounted under a glass cov-
erslip in permount, and viewed under a light microscope. Positive slides 
were graded semiquantitatively by counting 25 high-power fields 
(X1,000), blind, on a scale from 1 + to 3+ as described previously 
(Robinson et aI., 2002). 
Statistical analysis 
Statistical analysis was done using Primer software (Stanton A. 
Glantz, 1992; McGraw-Hill, Columbus, Ohio). Statistical differences 
were determined using Student's unpaired t-tests, as indicated. Signifi-
cance was set at P < 0.05. 
RESULTS 
Dilated cardiomyopathy 
Wild-type infected mice had enlarged hearts (Fig. IA) com-
parM with uninfected control mice (Fig. IB), parasite-infected 
SP knockout mice (Fig. IC), or uninfected control SP knockout 
mice (Fig. ID). Only wild-type infected mice developed left 
and right ventricular dilation and decreased ventricular wall 
thickness after infection (Fig. IE-H). Furthermore, the mean 
heart-weight to body-weight ratios were higher (40%) in in-
fected wild-type mice versus that of parasite-infected substance 
P knockout mice (Fig. 2) (0.0059 in wild-type infected vs. 
0.0042 in SP knockout infected mice; P = 0.05) (n = 5). 
Cardiac myocyte size 
The mean cardiac myocyte size was significantly greater in 
the wild-type infected mice compared with that in the unin-
fected wild-type mice or the infected SP knockout mice (Fig. 
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FIGURE 1. Morphological characterization of hearts of parasite-infected versus noninfected mice, Gross appearance of hearts derived from (A) 
parasite-infected wild-type mice, (B) Uninfected, age-matched mice, (C) Infected SP knockout mice. (D) Uninfected SP KO mice. Bar = 1 mm. 
Four chamber sections with H & E staining of hearts derived from (E) parasite-infected wild-type mice. (F) Noninfected, age-matched mice. (G) 
Infected SP knockout mice, and (H) un infected SP knockout mice. 
3) (n = 3). The mean myocyte diameter across the nucleus was 
12.01 fLm in the infected wild-type mice versus only 9.45 fLm 
in the control uninfected mice (P < 0.05) and 8.71 fLm in the 
infected SP knockout mice (P < 0.05) and 8.86 fLm in the 
uninfected SP knockout mice. 
SP protein levels 
To determine whether T. crassiceps infection could increase 
SP protein expression in the heart, we measured SP levels in 
protein extracts of heart from infected versus uninfected wild-
type mice (Fig. 4). SP protein levels in heart tissues derived 
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from infected mice increased 40-fold compared with extracts 
from heart tissues derived from age-matched, uninfected mice 
(Fig. 4) (2,807 ± 924 pg/mg total protein in infected vs. 71 ± 
21 pg/mg total protein in uninfected mice; P = 0.05) (n = 5 
wild-type age-matched, uninfected mice; n = 4 wild-type in-
fected mice). 
Expression of SP specific receptor protein 
Protein expression of SP specific receptor, NK1, was elevated 
in hearts derived from parasite-infected mice compared with 
0.0042* 
SP KO infected 
FIGURE 2. Heart-weight to body-weight ratios of parasite-infected mice. Heart-weight to body-weight ratios were compared in parasite-infected 
wild-type mice versus parasite-infected SP knockout mice. * P < 0.05 (heart-weight to body-weight ratios of infected wild-type versus infected 
SP knockout mice). 
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FIGURE 3. Quantification of myocyte sizes in hearts of parasite infected versus uninfected mice. Myocyte diameter (J.Lm) across the nucleus 
was determined in hearts derived from wild-type uninfected. wild-type infected, SP knockout uninfected, and SP knockout infected mice by 
counting 100 cardiomyocytes using NIH IMAGE v.1.62 software. * P < 0.05, cardiac myocyte size of infected wild-type versus uninfected wild-
type mice; § P < 0.05, cardiac myocyte size of infected wild-type versus infected SPKO mice; t P > 0.05, cardiac myocyte size of infected 
SPKO versus uninfected SPKO mice. 
heart tissue from control age-matched, uninfected mice (Fig. 
5A, B) (n = 4). 
Semiquantitative grading of NKI receptor protein expression 
after immunohistochemical staining was +3, i.e., >20% of the 
cells were stained positive (brown-colored cells in enlarged 
heart tissues derived from wild-type T. crassiceps-infected 
mice compared with + 1, i.e., < 10% of cells stained positive 
(brown-colored cells) in heart tissues derived from age-
matched, uninfected control mice. 
Apoptosis 
We noted that apoptosis as studied by the TUNEL assay was 
seen only in enlarged hearts from the parasite-infected wild-
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FIGURE 4. Quantitation of SP levels in hearts of parasite infected 
versus noninfected mice. SP protein measurements as studied by com-
petitive enzyme immunoassay ELISA in hearts derived from uninfected 
control wild-type mice and T. crassiceps infected wild-type mice. Re-
sults are expressed as picograms of SP in I mg of total protein extract. 
* P = 0.011 (SP protein level in hearts of uninfected vs. infected mice). 
type mice (Fig. 5C) (n = 4). No brown-colored, apoptotic cells 
were noted in the heart tissues from control age-matched, un-
infected mice or from parasite-infected SP knockout mice (Fig. 
5D, E) (n = 4). 
Semiquantitative grading of apoptosis after TUNEL staining 
was +2, i.e., 10-20% of cells stained positive in heart tissues 
from T. crassiceps-infected wild-type mice compared with 
. none in heart tissues either from control age-matched, unin-
fected mice or from T. crassiceps-infected SP knockout mice. 
DISCUSSION 
In the current study, we used a murine model of cysticercosis 
to study changes in the heart and the role of SP in those chang-
es. We noted that the heart size of the wild-type cysticerci-
infected mice was significantly higher compared with those of 
age-matched, uninfected control counterparts. We also noted 
that as compared with the hearts from uninfected wild-type 
mice, the enlarged hearts of the wild-type infected mice dem-
onstrated elevated substance P protein levels and substance P 
receptor expression. We also observed apoptosis in the enlarged 
hearts from the wild-type infected mice. 
T.o determine whether SP released in response to parasitic 
infection is associated with heart enlargement, we compared 
heart-weight to body-weight ratios and heart size in wild-type 
versus infected SP knockout mice. Furthermore, to elucidate 
whether SP is associated with apoptosis, we examined apoptosis 
associated with dilated cardiomyopathy as a result of cysticerci 
infection in infected wild-type versus SP knockout mice. We 
noted that the hearts derived from parasite infected wild-type 
mice were significantly enlarged as compared with the parasite-
infected SP knockout mice. Furthermore, elevated apoptosis 
was not seen in any of the hearts of the infected SP knockout 
mice. These data support the association of SP with heart en-
largement and apoptosis in an animal model of parasitic dilated 
cardiomyopathy. 
We do not know the mechanism leading to heart enlargement 
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FIGURE 5. Semiquantitative measurement of SP receptor (NKI receptor) protein expression and apoptosis in hearts of parasite-infected versus 
uninfected mice. Heart sections probed for (substance P specific receptor [NKI receptor]) protein by immunohistochemistry. A section from (A) 
an enlarged heart from a T. crassiceps-infected wild-type mouse, arrows showing numerous strongly positive cells (brown staining) expressing 
SP receptor protein (original magnification X400). Bar = 10 fL. (B) Heart tissues derived from uninfected wild-type mice showing few weakly 
positive cells expressing SP receptor (original magnification X400). Bar = 10 fL. Heart sections probed for apoptosis by the TUNEL assay. A 
section from (C) an enlarged heart from a parasite-infected wild-type mouse (arrows showing numerous brown positive cells undergoing apoptosis 
as seen by the TUNEL assay (original magnification X 1,000). Bar = 10 fL. (D) A nonenlarged heart derived from a control age-matched, uninfected 
wild-type mouse showing no positive cells undergoing apoptosis as seen by the TUNEL assay (original magnification X 1,000). Bar = 10 fL. (E) 
A nonenlarged heart derived from a parasite-infected substance P knockout mice showing no positive cells undergoing apoptosis as seen by the 
TUNEL assay (original magnification X 1,000). Bar = 10 fL. 
in response to infection. Our histologic evaluation of the heart 
sections did not demonstrate an influx of inflammatory cells in 
the enlarged hearts (results not shown). However, we noted sig-
nificant changes, i.e., compensatory hypertrophy and ventricu-
lar dilation, in the enlarged hearts. These cardiac changes may 
be contributing to the enlargement of the heart. Furthermore, 
cardiomyocyte loss due to a significant increase in apoptosis 
induced by the infection may explain the dilated cardiomyop-
athy. 
SP is known to stimulate the prodl1ction of cytokines includ-
ing IFN-gamma, interleukin 1 beta, interleukin 6, and TNF al-
pha (Lieb et aI., 1998; Lotz et aI., 1988; Weinstock and Elliott, 
1998; Veronesi et aI., 1999; Fiebich et aI., 2000; Cuesta et aI., 
2002) Other studies suggest that elevated pro-inflammatory cy-
tokine expression leads to increased apoptosis in the heart (Iwa-
saki et aI., 1999; McGowan et aI., 2003). Hence, it is possible 
that SP does not mediate these events directly, but indirectly, 
through stimulation of pro-inflammatory cytokines. 
In this investigation, we addressed the role of substance P in 
the pathogenesis of parasite-induced dilated cardiomyopathy. 
The elevated levels of SP protein in the enlarged hearts of par-
asite-infected mice and the absence of cardiac enlargement and 
apoptosis in SP receptor knockout mice suggest that SP is a 
key mediator involved in pathogenesis of this dilated cardio-
myopathy. 
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A NEW ENTERIC NEMATODE OF CAMALLANUS (NEMATODA: CAMALLANIDAE) FROM 
JIYU ISLAND OF AMOY (TAIWAN STRAIT) 
Wenzhen Fang and Damin Luo* 
Biology Department, School of Life Sciences, Xiamen University, Xiamen, Fujian, 361005, People's Republic of China. 
e-mail: dmluo@xmu.edu.cn 
ABSTRACT: A new enteric nematode, Camal/anus jiyuensis n, sp" is described from the intestine of the shokihaze goby, Triden-
tiger barbatus (Giinther, 1861), collected from the beach of Jiyu Island, Amoy, southeast of China, The new species differs from 
its congeners mainly in the following combination of characters, The body is rather small in size, with 2 squarish, chitinized 
thickenings on the anterior border of the buccal capsule, The prongs of the trident are unequaL The nerve ring is near the posterior 
end of tridents, Cervical papillae are located in the middle of muscular esophagus, The excretory pore is located in the posterior 
third of muscular esophagus, Twelve pairs of pedunculate caudal papillae are present, of which 7 pairs are preanal and 5 are 
postanaL Spicules are similar, but subequal in length; the right and the left account for 9,8% and 8,9% of body length, respectively, 
The vulva does not protrude conspicuously from body surface and is located postequatorially, 
Enteric nematodes of marine fishes, from the coast of Jiyu 
Island (24°25'50"-24°26' 18"N, 118°00'OO"-118°00'48"E) of 
Amoy, Taiwan Strait, Fujian, China, were investigated, The es-
tuary of the second largest river of Fujian Province (Jiulong 
River), 28 km away from Jiyu Island, is the nearest freshwater 
outlet to the beach. Two nematodes, an adult of each sex, were 
described from the intestine of the shokihaze goby, Tridentiger 
barbatus (Gunther, 1861). The demersal host fish is a native 
species, distributed in marine and brackish waters of China. 
Altogether, 2 of 20 fish examined harbored the nematode. These 
specimens were found to be a new species of Camallanus. Tax-
onomic evaluation revealed that they represent the second Ca-
mallanus species from coastal area of China. 
MATERIALS AND METHODS 
Shokihaze goby, Tridentiger barbatus (Giinther, 1861), were collect-
ed from pits or ditches on the beach of Jiyu Island after ebb tide in 
June 2001. Nematodes were removed from their hosts, examined, then 
fixed with 5% formalin and stored in a solution of 5 parts glycerin and 
95 parts 70% ethyl alcohol. All measurements are for sexually mature 
individuals and in millimeters unless otherwise stated. Figures were 
drawn with the aid of a drawing attachment. The specimens have been 
deposited in U.S, National Parasite Collection (USNPC): holotype 
(male) USNPC 98839; paratype (female) USNPC 98840. 
DESCRIPTION 
Carnal/anus jiyuensis n. sp. 
(Fig, 1A-I) 
General description: Nematoda, Spirurida, Camallanidea. Small-
sized body, translucent white while alive. Cuticle smooth, Buccal cap-
sule laterally compressed, composed of 2 fan-shaped lateral valves. Six 
cephalic papillae present at anterior end of buccal valves, 2 subventral, 
2 subdorsal, and 2 lateral. Two squarish, scferotized thickenings on an-
terior border of buccal capsule, extending posteriorly from anterior mar-
gin of buccal capsule approximately one-third to one-fourth of capsule. 
Valves marked internally by 18 longitudinal ridges. Strong basal ring 
present at junction of valves and esophagus. Pair of tridents, I dorsal 
and 1 ventral, consisting of 3 posteriorly directed prongs extending 
beyond basal ring from bas of buccal capsule. Prongs of tridents, un-
equal, united anteriorly near level of basal ring of buccal capsule. Nerve 
ring near posterior end of tridents. Esophagus long, slender; anterior 
muscular portion clearly divided from posterior glandular portion. Glan-
dular esophagus projecting slightly into intestine in valvelike formation. 
Cervical papillae (anterior deirids) present, located in middle of mus-
Received 17 August 2006; revised 17 January 2007, 31 March 2007; 
accepted I April 2007. 
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cular esophagus. Excretory pore in region of posterior third of muscular 
esophagus. Tail simple, gradually tapering to blunt point. 
Male: Length 1.3, maximum width near midbody 0.09. Buccal cap-
sule 0.06 long and 0.06 wide (not including ring-shaped structure at 
base). Basal ring 0.01 long and 0.04 wide. Measuring from the base of 
division between prongs of trident, middle prong 0.05 and the side 
prongs about 0.03 long. Nerve ring 0.1 from cephalic end, or 23.7% of 
esophagus length. Excretory pore and deirids 0.21 and 0.15 from an-
terior end. Anterior muscular portion of esophagus 0.19 long and 0.03 
wide; posterior glandular portion of esophagus 0.24 long, 0.04 wide; 
ratio of muscular to glandular esophagus length 0.78, Length of entire 
esophagus 0.42, representing 32.4% of body length. Tail 0.07 long and 
0.04 wide (at cloaca). Caudal alae not well developed, extending an-
teriorly a distance of 0.07 from posterior extremity. Twelve pairs of 
pedunculate caudal papillae present, including 7 preanal and 5 postanal. 
Preanals relatively uniform in size; distance between successive papillae 
gradually decreases as distance from cloacal opening decreases. Pedun-
culate or sessile adanal papilla not observed close to cloacal opening. 
Postanals slightly smaller in size than preanals, First 2 postanal papillae 
grouped; second pair papillae also grouped ventral side view, Spicules 
similar, gradually tapering to a point, subequal in length; right one 0.13 
long or 9.8% of body length and 0.0 I wide (at middle of spicule length); 
left one 0.12 or 8.9% of body length, 0.01 wide. Gubernaculum absent. 
Phasmids not observed. 
Female: Length 1.8; maximum width at middle of tridents 0.11, 
width at apex 0.08, 0.10 at ring-shaped structure, 0.09 at vulva. Buccal 
capsule, not including ring-shaped structure at base, 0.09 long and 0.09 
wide. Basal ring 0.01 long and 0.06 wide. Measuring from base of 
division between prongs of trident, middle prong 0.06 and side prongs 
0.03 long. Nerve ring 0.124 from cephalic end or 18.7% of esophagus 
length. Excretory pore and deirids 0.34 and 0.22 from anterior end, 
respectively. Anterior muscular portion of esophagus 0.33 long and 0.04 
wide (maximum width 0.05); posterior glandular portion of esophagus 
0.33 long, 0.04 wide (maximum width 0.06), ratio of muscular to glan-
dular esophagus length 1.0. Length of entire esophagus 0.66, repre-
senting 36.9% of body length. Female with long tail, 0.31 long and 0.06 
wide '(at anus), without either mucrons or digitlike protuberance. Vulva 
not protruding conspicuously from body surface; located 1.07 from an-
terior end or 59.5% of body length from anterior end. Vagina muscular, 
slender, 0.01 in maximum width and extending posteriorly 0.18 from 
vulva, joining anterior and posterior branches of uterus, Posterior branch 
of uterus ends blindly. 
Taxonomic summary 
Host: Tridentiger barbatus (Giinther, 1861). 
Site: Intestine. 
Locality: Jiyu island (24°25'50"-24°26' 18"N, 118°00'00"-
118°00'48"E), Taiwan Strait, Fujian, China. 
Deposition of specimens: USNPC 98839 Camal/anus jiyuensis ho-
lotype male; USNPC 98840 Camallanus jiyuensis paratype female. 
Etymology: The specific name 'jiyuensis' is based on dialect "jiyu" 
of the southern part of Fujian for the island. 
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FIGURE 1. Carnal/anus jiyuensis n. sp. Scale bars = 60 fLm. (A) Anterior end of female, lateral view. (B) Anterior extremity of female 
esophageal region, lateral view. (C) Cephalic extremity of female, subdorsoventral view. (D) Posterior end of female, lateral view. (E) Vulva 
region, lateral view. (F) Anterior end of male, lateral view. (G) Cephalic extremity of male, dorsoventral view. (H) Posterior extremity of male, 
ventral view. (I) Posterior extremity of male, lateral view. 
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REMARKS 
The present species belongs in Camallanus because of the dorsoven-
trally compressed buccal capsule with longitudinal ridges, a basal ring, 
and tridents. This is the second Camallanus species reported from ma-
rine fishes near China. 
At this time, 14 species of Camallanus with a single spicule have 
been reported from marine fishes (Srivastava and Gupta, 1975, 1976; 
Rigby et a!., 1998): Camallanus marinus Schmidt and Kuntz, 1969, 
Camallanus chorinemi Rasheed, 1970; Camallanus surmai Rasheed, 
1970; Camallanus trichiuris Bashirullah and Rahman, 1972; Camallan-
us atropusi Bashirullah and Khan, 1973; Camallanus dollfusi Bashirul-
lah and Khan, 1973; Camal/anus aotea Slankis and Korotaeva, 1974 
(should be regarded as a species of Oncophora); Camallanus chauhani 
Srivastava and Gupta, 1975; Camal/anus puriensis Srivastava and Gup-
ta, 1975; Camallanus therapsi Srivastava and Gupta, 1975; Camallanus 
pentkotai Srivastava and Gupta, 1976; Camallanus trichiurisi Srivastava 
and Gupta, 1976; and Camallanus longimonospicula Paruchin, 1978. In 
addition, Olsen (1954) described Camallanus carangis with 2 spicules, 
but Rigby et a!. (1998) found that only 1 in their examination of the 
male type, and both C. trichiuris and Camallanus paracarangis Velas-
quez, 1980 were described with 2 spicules but illustrated with only 1. 
So, C. marinus and C. atropusi are designated a synonym of C. carangis 
and C. paracarangis is regarded as a species inquirenda (Rigby et a!., 
1998). Camallanus marinus and C. paracarangis have been synony-
mized with C. carangis (Moravec et a!., 2006). Obviously, the present 
species is readily distinguished from its congeners mentioned above by 
having 2 spicules in the male. Other than the spicule, additional char-
acteristics, such as number of caudal papillae, the character of trident 
prongs, and the vulva location may be used to easily distinguish the 
new species. For example, the number of pairs of caudal papillae in C. 
carangis and C. chauhani differs from the present species (14 and 13 
pairs in C. carangis and C. chauhani, respectively [vs.] 12) (Srivastava 
and Gupta, 1975; Rigby et a!., 1998) and the number of pairs of postanal 
papillae may be used to distinguish the new species from C. dollfusi, 
C. trichiuris, C. aotea, and C. longimonospicula (5 pairs in the present 
species [vs.] 4 in the others). The present species can be distinguished 
from C. chorinemi and C. surmai by the lack of a bifurcated spicule 
tip. 
The new species resembles C. pentkotai in having 12 pairs of caudal 
papillae, smooth longitudinal ridges, a postequatorial vulva, and well-
developed caudal alae, but differs from it in having unequal tridents 
and a vulva with 2 prominent lips. Also, the new species resembles C. 
therapsi in having 12 pairs of caudal papillae (with 7 pairs preanal and 
5 postanal), unequal tridents, and a short anterior muscular portion of 
the esophagus, but differs from it in having 25 longitudinal ridges of 
varying lengths in the buccal capsule instead of 18. Based on the small-
er number of pairs of caudal papillae, the new species differs from C. 
puriensis and Camallanus trichiurusi (Srivastava and Gupta, 1975, 
1976); it can be further differentiated from both these 2 in possessing 
a vulva without 2 prominent lips. 
Most of the species previously described are from freshwater fishes 
(Olsen, 1954; Yamaguti, 1941, 1961; Chabaud, 1974; Wang and Ling, 
1975; De and Maity, 1995; Kabre and Petter, 1997; Rigby et a!., 1997; 
De, 1999; Hanzelova et a!., 2001; Wilson and Camp, 2003; Moravec et 
aI., 2003, 2004, 2006). These species include the following: Camal/anus 
hypophthalmichthys Dogel and Akhmerov, _1959; Camal/anus polypteri 
Kabre et Petter, 1997; Camal/anus sweeti Moorthy, 1937; Camallanus 
cotti Fujita, 1927 (Syn. Camal/anus zacconis Li, 1941, Camal/anus fo-
tedari Raina et Dhar, 1972); Camal/anus ancyloderus Ward and Ma-
gath, 1916; Camallanus oxycephalus Ward and Magath, 1917; Camal-
lanus trispinosus (Leidy, 1851);Camallanus truncatus (Rudolphi, 
1814); Camal/anus melanocephalus (Rudolphi, 1819); Camal/anus an-
abantis Pearse, 1933; Camal/anus trichogasterae Pearse, 1933 (trans-
ferred to Neocamallanus); Camallanus ophicephali Pearse, 1933 (also 
transferred to Neocamallanus); Camal/anus xenentodoni Khan et Ya-
seen, 1969; and Camallanus wolgensis Lewaschoff, 1929 (synonym of 
Camal/anus lacustris). 
All of these are much larger than the new species, and possess other 
measurements such as morphometric dimensions, number and distri-
bution of caudal papillae, the appearance of the trident structures, ratio 
of muscular and glandular esophagus, and spicule length that are pro-
portionately much different. For example, even though body length of 
the male is nearly 13 times greater than that in the new species, C. 
carangis has a much shorter relative length of spicule, which account 
for only 0.09% to 0.13% of the body. In C. anabantis, a comparatively 
small-sized body of the male is 3 to 4 times larger than that in the new 
species, but the relative length of the spicules account for 12 to 13% 
of the body length. In Camallanus ancylodirus, with a considerably 
larger-sized body, the vulva is located farther back, three-fifths of the 
body length from the anterior. In C. oxycephalus, the female is again 
considerably longer, whereas the anterior esophagus is only one-third 
as long. Our material can be differentiated from C. oxycephalus by the 
present of a deirid, reduced alae size (pronounced in C. oxycephalus) 
and subequal spicules (equal in C. oxycephalus). The main specific fea-
tures of C. hypophthalmichthys distinguishing it from the most similar 
Camallanus spp., including the present new species, is the presence of 
3 small caudal processes on the male tail tip. The new species also 
differs from the Pakistani species Camallanus xenetodoni Khan and 
Yaseen, 1969, in which the tridents are lacking. In addition, C. polypteri 
and Camallanus salmonae Chakrovartyi, 1942, were described as hav-
ing no tridents. A description of Camallanus papilliferus Molin, 1859 
is too brief to permit an adequate comparison, and no figures are pro-
vided. 
Camallanus musteli Wang, 1979 (Wang et a!., 1979) is the only Ca-
mal/anus species described from the marine fish Mustelus grielus in 
China. The present species is readily distinguished from it in having 18 
longitudinal ridges in buccal valves instead of 12 to 13, 12 pairs of 
caudal papillae instead of 15, a postequatorial vulva instead of one that 
is equatorial, and unequal tridents instead of equal. The new species 
differs from Camal/anus unispiculus Khere, 1954 and Camal/anus mas-
tacembeli Agrawal, 1967, in having buccal valves with 18 smooth lon-
gitudinal ridges instead of 9 beaded spiny longitudinal ridges in C. 
unispiculus and in C. mastacembeli, and in having nonalate spicules. 
The new species further differs from both these forms in having 12 
pairs of caudal papillae instead of 13 pairs as in C. mastacembeli and 
16 pairs in C. unispiculus. 
Camal/anus magnavaginus Bilqees, 1971, and Camallanus cinereusis 
Bilqees, 1971, are large filiform worms of marine fishes (Bilqees et a!., 
1971). However, in both C. magnavaginus and C. cinereusis, the esoph-
agus is a muscular tube not divided into anterior and posterior portions, 
the tridents have equally long prongs, the vulva is pre-equatorial in the 
former and almost equatorial in the latter, and vagina is strongly de-
veloped. 
The cosmopolitan species C. cotti has previously been reported from 
freshwater fishes and described several times with contradictory de-
scriptions (Rigby et a!., 1997). Because of the differences observed in 
spicules, and the number and position of caudal papillae, our materials 
are reliably differentiated from C. cotti, based on the descriptions of 
Rigby et a!. (1997) and Moravec et a!. (2003). 
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A NEW SPECIES OF DENTIPHILOMETRA (NEMATODA: PHILOMETRIDAE) FROM THE 
MUSCULATURE OF THE GRAY SNAPPER LUTJANUS GRISEUS (OSTEICHTHYES) OFF 
THE CARIBBEAN COAST OF MEXICO 
David Gonzalez-Soli's, Frantisek Moravec·, and Vielka M. Tuz Paredes 
Parasitologfa del Necton, EI Colegio de la Frontera Sur (ECOSUR), Unidad Chetumal, Av. Centenario Km. 5.5, C.P. 77900, Chetumal, Quintana 
Roo, Mexico. e-mail: dgs@ecosur-qroo.mx 
ABSTRACT: A new nematode, Dentiphilometra lutjani n. sp. (Philometridae), is described from gravid females (the male is 
unknown) collected from the body musculature of the marine perciform fish gray snapper, Lutjanus griseus (Lutjanidae), from 
the Bay of Chetumal and southern coast of Quintana Roo, off the Caribbean coast of Mexico, The new species differs from the 
only other congener, Dentiphilometra monopteri, from the swamp eel Monopterus albus in China, mainly in the body length of 
gravid female (15.40-53,21 mm), the shape of the posterior body end (not markedly narrowed, with low caudal projections), the 
esophageal gland (maximum width near its posterior end), and the length (344-483 /-Lm) of larvae from the uterus; both species 
also differ in their host types (marine perciform fish vs. freshwater swamp eel) and geographical distribution (Mexico vs. China). 
During recent investigations into the helminth fauna of the 
gray snapper, Lutjanus griseus (Linnaeus) (Lutjanidae, Perci-
formes), from the Chetumal Bay and southern coast of Quintana 
Roo, Mexico, previously undescribed females of philometrid 
nematodes representing a new species were found in the body 
musculature of this fish. Results of their taxonomic evaluation 
are presented herein. The gray snapper is a reef-associated fish 
occurring in the seawater, brackish water, and freshwater hab-
itats attaining up to 89 em in length and 20 kg in weight. It is 
important as a commercial fish, or as a gamefish. It is distrib-
uted in the western Atlantic from Massachusetts in North Amer-
ica and Bermuda, southward to Rio de Janeiro, Brazil (in South 
America), including West Indies, Gulf of Mexico, and the Ca-
ribbean Sea (Froese and Pauly, 2007). 
MATERIALS AND METHODS 
Fish were obtained from local fishermen, and they were transported 
on ice to the laboratory of El Colegio de la Fronteza Sur (ECOSUR) 
in Chetumal, where they were examined for the presence of helminth 
parasites by usual helminthological methods. In addition, after removing 
the skin, fillets of musculature were cut off from both sides of the body. 
These fillets were pressed between 2 flat glasses and examined under 
the dissecting microscope using a bottom light. In total, 360 specimens 
of gray snapper (body length 8.5-35.5 cm) were examined from .JUne 
2004 to June 2005. In November 2006, 3 more species of snapper were 
also examined from this locality, i.e., the mutton snapper Lutjanus an-
alis (Cuvier) (1 specimen; total body length 30 cm); the schoolmaster 
snapper, Lutjanus apodus (Walbaum) (4; 22-24 cm); and the dog snap-
per, Lutjanus jocu (Bloch and Schneider) (1; 25 cm), but no philome-
trids were found in them. The nematodes recovered were washed in 
physiological saline, and then they were fixed in hot 4% formaldehyde 
solution in physiological saline. For light microscopy, the nematodes 
were cleared with glycerine. Drawings were made with the aid of a 
Zeiss drawing attachment. Specimens used for scanning electron mi-
croscopy (SEM) were postfixed in 1 % osmium tetroxide, dehydrated 
through a graded ethanol series, critical point dried, and sputter-coated 
with gold. They were examined using a JEOL JSM-6300 scanning elec-
tron microscope at an accelerating voltage of 15 kY. All measurements 
are in micrometers unless otherwise stated. The names of fishes follow 
FishBase (Froese and Pauly, 2007). 
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DESCRIPTION 
Dentiphilometra lutjani n. sp. 
(Figs. 1, 2) 
Gravid female (17 specimens; measurements of holotype in paren-
theses): Body of larvigerous specimens yellowish, almost cylindrical, 
somewhat tapering toward anterior and posterior ends; length of body 
15.40-53.21 (35.26) mm, maximum width 296-648 (424). Maximum 
width/body length ratio 1:52-83 (1:83). Cuticle appearing smooth under 
light microscope but finely transversely striated using SEM. Cephalic 
end rounded, 84-141 (100) wide at level of anterior esophageal infla-
tion; cephalic papillae small, indistinct in lateral view. Oral aperture 
oval, surrounded by distinct narrow, slightly elevated sclerotized ring 
armed with numerous minute teeth on its surface; teeth about 0.5 high, 
irregularly arranged in 2-3 rows (Figs. IE, 2C, D). Bottom of mouth 
formed by surfaces of 3 lobular sectors of esophagus, each bearing 1 
small protuberance at top (Fig. 2C). Mouth surrounded by 14 minute 
cephalic papillae arranged in 2 circles; inner circle formed by 2 lateral 
and 4 submedian single papillae, outer circle by 8 papillae arranged in 
4 submedian pairs; paired papillae rather far from each other (Figs. 1C, 
2A, B). Anterior end of esophagus forming well-developed muscular 
spherical bulb, not separated from cylindrical portion of esophagus; 
bulb 49-81 (64) long, 42-111 (57) wide. Posterior portion of esophagus 
cylindrical, with prominent dorsal esophageal gland extending anteri-
orly to level of nerve ring, posteriorly to small ventriculus measuring 
30 X 57, being broadest near its posterior end; nucleus of esophageal 
gland not located. Entire esophagus 0.94-2.29 (1.52) mm long, repre-
senting 3-9% (4%) of body length. Esophageal valve well developed. 
Nerve ring 176--313 (264) from anterior end. Intestine narrow, brown-
colored, with posterior end atrophied, forming thin ligament attached 
ventrally to body wall; length of ligament of 1 specimen 272. Posterior 
end of body rounded in lateral view, bearing 2 lateral papillalike caudal 
projections 12-18 high. Vagina and vulva absent. Ovaries reflected; 
anterior ovary may reach anteriorly to posterior part of esophagus, pos-
terior ovary reaching posteriorly to short distance anterior to end of 
ligament. Uterus occupying most space in body, being filled with nu-
merous first-stage larvae. Larvae slender, 344-483 long (n = 20), max-
imum width 11-15; esophagus 111-117 long, forming 24-26% of body 
length; sharply pointed tail 84-102 long, forming 20-21 % of body 
length. 
Subgravid female (7 specimens): Length of body 6.42-17.02 mm, 
maximum width 160-344. Maximum width/body length ratio 1:40-49. 
Cephalic end rounded, 64-96 wide at level of anterior esophageal in-
flation. Anterior end of esophagus forming well-developed muscular 
spherical bulb, 49-64 long, 34-61 wide. Entire esophagus 0.97-1.28 
mm long, representing 6--15% of body length. Nerve ring 152-200 from 
anterior end. Intestine narrow, brown-colored, with posterior end atro-
phied. Posterior end of body rounded, bearing 2 lateral papillalike cau-
dal projections. Vagina and vulva absent. Ovaries reflected; anterior 
ovary may reach anteriorly to posterior part of esophagus, posterior 
ovary reaching posteriorly to short distance anterior to end of ligament. 
Uterus filled with numerous developing eggs, 15-26 X 14-26. 
Male: Unknown. 
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FIGURE 1. Dentophilometra lutjani n. sp., gravid female. (A-B) Anterior end of body (2 different specimens). (C) Cephalic end, apical view. 
(D) Posterior end of body, dorsoventral view. (E) Moutb, apical view. (F) Cephalic end, lateral view. (G) Larva from uterus. (H) Posterior end 
of body, lateral view. (I-J) Caudal end, dorsoventral and lateral views. Bar = 300 f.Lm (A, B, H); 20 f.Lm (C); 200 f.Lm (D); 10 f.Lm (E); 100 f.Lm 
(F, G, I, J). 
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FIGURE 2. Dentiphilometra lutjani n. sp. , SEM micrographs of gravid female. (A) Cephalic end, apical view (arrows indicate cephalic papillae). 
(8) Detail of cephalic end with distinct cephalic papillae (submedian papillae of inner circle indicated by arrowheads) and amphid, apical view. 
(C-D) Mouth, apical and sublateral views. a = amphid; e = lateral cephalic papilla of internal circle; g = submedian cephalic papilla of external 
circle; m = anterior surface of esophageal sector; n = anterior protrusion (esophageal tooth) on surface of esophageal sector; 0 = sclerotized ring 
armed with small circumoral teeth. All bars = 10 fLm . 
. ' 
Taxonomic summary 
Type host: Gray snapper, Lu(janus griseus (Linnaeus) (Lutjanidae, 
Perciformes). 
Site of infection: Musculature. 
Type locality: Punta Gorila, southern coast of Quintana Roo 
(l9°08'04"N, 87"33'44"W) (ho!otype collected on December, 2004). 
Other localities: Dos Hermanos (l8°35 '02"N, 88°03'15"W), La Aguada 
(l8°15'12'N, 87°53'39'W), Bacalar Chico (18°11 '41 'N , 87°51'15'W), Rio 
Krik (18°51 '32'N, 88°02'50'W), Tamalcab (18°38'2!"N, 88°11 '02'W), Pun-
ta Has (l8"23 '37'N, 87°56'31 'W), UQROO (18"31 '33'N, 88°15'55'W), 
Punta Calentura (18"28'45"N, 88°04'32'W), all within the Chetumal Bay; 
Xcalak (18°19' 32'N, 87"49'23'W), Tampalam (19°09'20"N, 87°32'32'W), 
Uvero (19°06'23'N, 87°34'09'W) southern Quintana Roo coast, Mexico. 
Prevalence and intensity: Dos Hermanos: 40% (19 fish infected/40 
fish examined), I-II (mean I) nematodes per fish; La Aguada: 31 % 
(8/26), 1-7 (4); Bacalar Chico: II % (1/9), I (I); Rio Krik: 36% (8/22) , 
1- 4 (2); Xcalak: 7% (2/30) , 1 (1); Tampalam: 4% (6/15), 1-10 (4); 
Punta Gorila: 13% (2115), I (1); Uvero: 11% (2118), 3 (3); Tamalcab: 
24% (5121), 1-4 (2); Punta Has: 16% (4125), 1-10 (1); UQROO: 25% 
(5/20),1-4 (2); Punta Calentura: 31% (5116),1-7 (3). 
Deposition of specimens: Holotype in the Helminthological Collec-
tion of the Instituto de Biologfa, UNAM, Mexico City (CNHE-5838); 
paratypes in the Parasite Collection ECOSUR-CHETUMAL (Pa-052) 
and Helminthological Collection of the Institute of Parasitology, Biol-
ogy Cent.re of the Academy of Sciences of the Czech Republic (No. N-
874). 
Etymology: The specific name of this nematode lurjani is derived 
from the generic name of its fi sh host, i.e. , Lu(janu5' (in a genitive) . 
DISCUSSION 
At present, the Philometridae Baylis and Daubney, 1926, in-
cludes 11 genera and many species, which are generally im-
portant histozoic parasites of freshwater, brackish water, and 
marine fishes (Moravec, 2006). Their systematics and taxonomy 
are difficult, because most species are known only by their 
large-sized females, whereas conspecific males have not yet 
been discovered (Rasheed, 1963; Moravec, 2004, 2006). 
In having a circumoral sclerotized ring armed with numerous 
small teeth in the gravid female, as well as in general mor-
phology, the nematodes of the present material can be assigned 
to the hitherto monotypic genus Dentiphilometra Moravec and 
Wang, 2002. Circumoral toothlike structures or teeth in gravid 
females are also present in representatives of Alinema Rasheed, 
1963 and Neophilometroides Moravec, Salgado-Maldonado and 
Aguilar-Aguilar, 2002, but the general morphology of these spe-
cies is very different from that of Dentiphilometra spp., partic-
ularly in the presence of a functional vulva and an embossed 
cuticle, respectively (Rasheed, 1963; Moravec et aI., 2002, 
2006). 
The genus Dentiphilometra was created by Moravec and 
Wang (2002) to accommodate their new species D. monopteri 
Moravec and Wang, 2002, a parasite of the mesentery of the 
swamp eel Monopterus albus (Zuiew) (Synbranchidae, Syn-
branchiformes) in China. Dentiphilometra lutjani n. sp. differs 
from D. monopteri mainly in the body length (15.40-53.21 vs. 
49.40-150.45 mm), in the shape of the posterior end in gravid 
female (not markedly narrowed, with low caudal projections vs. 
considerably narrowed, with conspicuously high caudal projec-
tions), the shape and extent of the esophageal gland (broadest 
near its posterior end and extending anteriorly to the nerve ring 
vs. broadest near its middle and extending anteriorly to short 
distance anterior to the level of the nerve ring), usually a some-
what longer esophagus (up to 2.29 vs. 1.32-1.41 mm) and larg-
er larvae from the uterus (body length 344-483 vs. 363-372). 
Both species also differ in their host types (a marine perciform 
fish vs. a freshwater synbranchiform fish) and geographical dis-
tribution (Mexico vs. China). 
Moravec and Wang (2002) also described the male of D. 
monopteri, but the male of D. lutjani remains unknown. In his 
unpublished Ph.D. thesis, Gonzalez-Solis (2001) described a 
single philometrid male (designated as Philometra sp. 4) .col-
lected from the fin (interradial membrane) of L. griseus in Ce~ 
lestun, Yucatan, Mexico, which, in fact, might belong to D. 
lutjani; however, because the site of infection in the fish host 
is different, as well as the locality (Caribbean Sea vs. southern 
Gulf of Mexico), for the time being we refrain from considering 
it D. lutjani, although it is highly probable. The spicules of this 
male were subequal (as in D. monopt~ri), measuring 36 and 35 
f..Lm (compared with 51-96 f..Lm in D. monopteri). 
In addition to morphological features, data on the site of lo-
calization of gravid females in the host's body are important 
for the identification of philometrids (Moravec, 2004, 2006). 
The body musculature is a typical site of infection of some 
species of Philometra (see the key by Moravec and Ali, 2005) 
and Philometroides (see Moravec, 2006). Although the biology 
of D. lutjani is unknown, it can be assumed that the nematode 
gravid females penetrate from the musculature through to the 
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host's skin where an opening is created, allowing larvae to be 
released into the external environment, where they are then con-
sumed by copepod intermediate hosts; a similar method of re-
leasing larvae into the water is known, for example, in Philo-
metroides seriolae (Ishii, 1931), a parasite of the body wall 
musculature of the marine carangid fish Seriola quinqueradiata 
Temminck and Schlegel in Japan (Nakajima et aI., 1970; Mo-
ravec, 2006). 
Although 3 additional species of Lutjanus (L. analis, L. ap-
odus, and L. jocu) were examined from the Bay of Chetumal, 
D. lutjani n. sp. has so far been recorded only from L. griseus. 
The only other species of philometrids reported from snappers 
(Lutjanidae) is Philometra lateolabracis (Yamaguti, 1935), 
found in the gonads of Lutjanus synagris (Linnaeus) and Lu-
tjanus spp. in the West Atlantic (Bermuda) (see Moravec, 
2006). 
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A NEW SPECIES OF OOCHORISTICA (EUCESTODA: CYCLOPHYLLIDEA) PARASITE OF 
CTENOSAURA OAXACANA (REPTILIA: IGUANIDAE) FROM MEXICO 
Sergio Guillen-Hernandez, Luis GarcIa-Prieto*, and Marla Antonieta Arizmendi-Espinosa* 
Facultad de Medicina Veterinaria y Zootecnia, Universidad Autonoma de Yucatan, Carretera Merida-X'mankuil, Km. 15.5, A.P. 4-116, Itzimna, 
Merida, Yucatan, Mexico. e-mail: gprieto@ibiologia.unam.mx 
ABSTRACT: Oochoristica whitfieldi n, sp" parasitizing the intestine of the Oaxacan black iguana Ctenosaura oaxacana (Kohler 
and Hasbun, 200 I), in Ruinas de Guiengola, Oaxaca state, Mexico, is described, The new species can be distinguished from all 
4 congenera infecting 19uanidae in the neotropical realm in possessing a lower mean number of testes (122 in 0, acapulcoensis 
Brooks, Perez-Ponce de Le6n, and Garcia-Prieto, 1999; 62 in O. guanacastensis Brooks, Perez-Ponce de Le6n, and Garcia-Prieto, 
1999, and 95 in 0, leonregagnonae Arizmendi-Espinosa, Garcia-Prieto, and Guillen-Hermindez, 2005, vs, 35 in O. whitfieldi), 
and a wider scolex (0.450-0,600, 0.475-0,537, 0.5-0,8, vs. 0,25-0,26, respectively). Oochoristica iguanae Bursey and Goldberg, 
1996 differs from the new Mexican species in having a longer strobila (60-110 mm vs, 14.4-33,7 mm, respectively), fewer 
ovarian sublobes (6 vs, 11-17), and a cirrus pouch that hardly reaches excretory canals (whereas in O. whitfieldi the cirrus pouch 
widely overpasses these canals). 
In spite of the high reptile richness in Mexico (804 species 
are distributed in the Mexican territory; see Flores-Villela and 
Canseco-Miirquez, 2004), to date only 17 species of cestodes 
have been recorded parasitizing 26 reptilian species (Perez-
Ponce de Le6n et aI., 2002), Eight of these species belong to 
Oochoristica Liihe, 1898: 0. parvula (Stunkard, 1938) Stun-
kard, 1938 infecting Coleonyx elegans Gray, from Oxkutzcab, 
Yucatan (Stunkard, 1938); O. eumecis Harwood, 1932 and O. 
osheroffi Meggitt, 1934, both parasitizing C. pectinata (Wieg-
mann) from Alpuyeca, Morelos (Flores-Barroeta et aI., 1958; 
Flores-Barroeta and Hidalgo-Escalante, 1960); O. phrynoso-
matis (Harwood, 1932) (= Diochetos phrynosomatis Harwood, 
1932), a parasite of Phrynosoma braconnieri Dumeril and Bo-
court, and P, taurus Duges (Goldberg and Bursey, 1991), from 
Puebla State; 0, scelopori Voge and Fox, 1950 collected from 
Sceloporus jarrovi Cope, in the states of Chihuahua, Durango, 
Guanajuato, Hidalgo, Queretaro, and Zacatecas (Goldberg et 
aI., 1996) and in S, grammicus Wiegmann, S. megalepidurus 
Smith, S, mucronatus Cope, S, parvus Smith, and S. variabilis 
Wiegmann, from Coahuila, Mexico, and Oaxaca (Goldberg et 
aI., 2003); 0, whitentoni Stellman, 1939 in C. pectinata from 
Iguala, Guerrero (Flores-Barroeta, 1955), O. acapuicoensis 
Brooks, Perez-Ponce de Le6n, and Garcia-Prieto, 1999 in C. 
pectinata from Acapulco, Guerrero (Brooks et aI., 1999);' and 
O. leonregagnonae Arizmendi-Espinosa, Garcia-Prieto, and 
Guillen-Hernandez, 2005 in C. pectinata from Oaxaca (Ariz-
mendi-Espinosa et aI., 2005), Nevertheless, identification of 
some of these records is doubtful (see Brooks et aI., 1999; Ar-
izmendi-Espinosa et aI., 2005), and the knowledge for this ge-
nus is far from being complete in Mexico, 
Recently, a research program was 'initiated to increase the 
inventory of the helminth fauna of amphibians and reptiles from 
Mexico; as a part of the results of this program, a new species 
of Oochoristica infecting the Oaxacan black iguana, C. oaxa-
cana (Kohler and Hasbun, 200 I), is described in this work. 
MATERIALS AND METHODS 
One specimen of C. oaxacana was collected in Ruinas de Guiengola, 
Oaxaca, Mexico, in January 2002, The Oaxacan black iguana was killed 
Received 9 November 2006; revised 1 March 2007; accepted 1 March 
2007. 
* Laboratorio de Helmintologfa, Instituto de Biologfa, Universidad Na-
cional Aut6noma de Mexico, AP 70-153, 04510, Coyoacan, D.E, 
Mexico, 
by intraperitoneal overdoses of sodium pentobarbital and dissected; the 
organs were examined for helminths with the use of a stereomicroscope, 
Cestodes were fixed in 4% hot formalin, stained with Meyer's paracar-
min, cleared in methyl salicylate, and mounted in Canada balsam, 
Drawings were made with the aid of a camera lucida, Measurements 
are presented as the range, with means, standard deviation, and sample 
size in parentheses and expressed in millimeters, unless otherwise stat-
ed. Specimens of both host and parasites were deposited in the Am-
phibian and Reptile Diversity Research Center, University of Texas at 
Arlington, Arlington, Texas, and the Colecci6n Nacional de Helmintos 
(CNHE), Universidad Nacional Aut6noma de Mexico (UNAM), Mex-
ico City, respectively, 
DESCRIPTION 
Oochoristica whitfieldi n. sp. 
(Figs. 1-3) 
Description based on 5 complete specimens: Worms flattened dor-
soventrally; strobila acraspedote, 14.4-33,7 (22.4 ::+: 7,7, n = 5) in 
length; 29-37 proglottids, Scolex 0,25-0.26 (0,26 ::+: 0,005, n = 4) long 
by 0,34-0.37 (0,34 ::+: 0.025, n = 4) wide; 4 oval suckers 0,142-0,165 
(0,152 ::+: 0.007, n = 12) length and 0.107-0,132 (0,119 ::+: 0.008, n = 
12) width, Neck 0,75-1.0 (0,87 ::+: 0,11, n = 5) in length, Immature 
proglottids 0,10-0.40 (0.203 ::+: 0.09, n = 15) long by 0.22-0.43 (0,28 
::+: 0,06, n = 15) wide, Ratio of proglottid length to width 1:0.41-1.14 
(0,71 ::+: 0,27, n = 17), Mature proglottids 0.45-1.0 (0,79 ::+: 0.18, n = 
10) length and 0,35-0,69 (0,51 ::+: 0,11, n = 10) width, Ratio of mature 
proglottid length to width 1:1.52::+: 0.48 (1:0.83-1:217, n = 11), Gravid 
proglottids longer than wide, 1.45-2,25 (1.84 ::+: 0,28, n = 6) by 0.40-
0,71 (0.55 ::+: 0.11, n = 6), respectively. Ratio of gravid proglottid length 
to width 1: 1.04-4,0 (3,3 ::+: 1.3, n = 6), Genital pores irregularly alter-
nating, located at anterior third of proglottid margin. Testes rounded, 
arranged in 1 cluster, mostly posterior to ovary and vitelline gland; some 
testes reach ovarian lobes. Testes 28-45 (35,6 ::+: 6.4, n = 10) per pro-
glottid, 0,07-0.107 in diameter (0,090 ::+: 0.013, n = 20), Cirrus sac 
elongated, thin walled, overpassing osmoregulatory canals, 0,11-0.15 
(0,13 ::+: 0,01, n = 7) in length and 0,042-0.054 (0.047 ::+: 0,004, n = 
8) in width, Ratio of cirrus sac length to proglottid width 3.6-4.3 (3,9 
::+: 0,3, n = 7), Genital ducts passing between the osmoregulatory canals, 
Ovary bilobed, located at central region of proglottid, 49.4-160,5 
(114,8 ::+: 42.4, n = 10) long by 103,7-180.3 (160,8 ::+: 34,3, n = 10) 
wide, each lobe subdivided into few rounded sublobes, 11-17 in number 
(13,9 ::+: 1.57, n = 11). Ratio of ovarian width to proglottid length 1: 
2,1-4,9 (3,3 ::+: 0,89, n = 10), Vitelline gland oval in shape, postovarian, 
0.04-0,1 (0,063 ::+: 0.Ql8, n = 9) long by 0.04-0.09 (0,06 ::+: 0,0]5, n 
= 9) wide, Vagina opening into genital atrium, posterior to cirrus sac, 
crossing poral ovarian lobe, Uterine ovigerous capsules, 0,022-0,027 
(0,024 ::+: 0,0016, n = 10) in diameter, containing a single egg, Embry-
onic capsule 0,019-0.023 (0,021 ::+: 0.0014, n = 10) in diameter; on-
cosphere 0,015-0,020 (0,017 ::+: 0.0016, n = 10) in diameter. Onco-
sphere hooks length 0,010-0,014 (0,012 ::+: 0,001, n = 5). Two dorsal 
and 2 ventral osmoregulatory canals present, not forming a plexus. 
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FIGURES 1-3. Oochoristica whitfieldi n. sp. from Mexican iguanids. (1) Scolex morphology; scale bar 0.25 mm. (2) Mature proglottid; scale 
bar 0.01 mm. (3) Egg surrounded by embryonic envelops; scale bar 0.25 mm. 
Taxonomic summary 
Type host: Ctenosaura oaxacana (Kohler and Hasbun, 2001), Oax-
acan black iguana. 
Symbiotype: Deposited at Amphibian and Reptile Diversity Research 
Center, University of Texas at Arlington, UTA-R 51894, Arlington, Tex-
as. .. I 
Type locality: Ruinas de Guiengola, Oaxaca (l6°22'55.5"N, 
95°18'26.6"W). 
Site of infection: Intestine. 
Specimens deposited: Holotype: CNHE no. 5477; 4 paratypes CNHE 
no. 5478. 
Prevalence and intensity of infection: One of 1 iguana (100%): 6 
specimens in 1 host. 
Etymology: This species has been named after Professor Phil J. Whit-
field in recognition of both his contribution to our cumulative knowl-
edge of the biology of parasites and his inspirational teaching, which 
has stimulated so many students with enthusiasm for the study of these 
fascinating organisms. 
Remarks 
Current composition of Oochoristica includes 86 species in reptiles 
worldwide (Bursey et ai., 1996; Arizmendi-Espinosa et al., 2005). 
Oochoristica whitfieldi n. sp. can be distinguished from almost all con-
genera inhabiting Australian (5 species) and Ethiopian (10 species) 
realms by possessing a higher number of secondary ovarian lobes (11-
17 vs. 0-7 in Australian and Ethiopian species). Two species distributed 
in QIe Ethiopian realm, i.e., O. courduieri Capron, Brygoo, and Brous-
sert, 1962, and O. truncata (Krabbe, 1879), differ from the new one by 
having a larger strobila (110 and 115 vs. 22.4, respectively), and a wider 
scolex (0.78 and 0.55, respectively, vs. 0.34 in the Mexican species) 
(see Bursey et ai., 1996). The number of secondary ovarian lobes also 
allows differentiating the new species from 11 of the 16 species dis-
tributed in nearctic realm, which have between 0 and 8 secondary ovar-
ian lobes. The remaining 5 species can be distinguished from O. whit-
fieldi by possessing a different number of testes (12-20 in O. macallis-
teri Bursey and Goldberg, 1996, 70-140 in O. gracewileyae Loewen, 
1940, 100-150 in O. whitentoni Steelman, 1939, and 125-180 in O. 
phrynosomatis vs. 28-45 in the Mexican species), a distinct arrange-
ment of testicular fields (1 cluster in the new species vs. 2 clusters in 
O. islandensis Bursey and Goldberg, 1992), and, finally, by the reduced 
strobilar size and sucker shape (120 mm and circular suckers in O. 
scelopori Voge and Fox, 1950 vs. 14.4-33.7 mm and oval suckers in 
O. whitfieldi) (Harwood, 1932; Steelman, 1939; Loewen, 1940; Voge 
and Fox, 1950; Bursey and Goldberg, 1992, 1996a; Bursey et ai., 1996). 
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Eleven of the 17 species distributed in Palaearctic realm differ from 
the new species in lacking secondary ovarian lobes or in having a small-
er number (2-8), whereas O. whitfieldi has 11-17; 3 other species can 
be distinguished from the Mexican species by the arrangement of testes 
in 2 clusters (instead of 1 cluster as in the new species). The remaining 
3 species are differentiated from the new one by the number of testes, 
i.e., higher in O. rostellata Zschokke, 1905 (86-100 vs. 28-45 in O. 
whitfieldi), and lower (8-15 and 18-23) in O. parvogenitalis Dupouy 
and Kechemir, 1973, and O. sobolevi Spasskii, 1948, respectively 
(Zschokke, 1905; Bursey et al., 1996). 
Twenty-six species of Oochoristica are distributed in the Oriental 
realm. The new species can be distinguished from 15 of these species 
by possessing between 11 and 17 ovarian sublobes, whereas all these 
15 species have none or a lower number of such sublobes. By possess-
ing testes arranged in 2 clusters, O. bailea Singal, 1961, O.jodhpurensis 
Nama, 1987, and O. ophia Capoor, Srivastava, and Chahuan, 1974 (Bur-
sey et al., 1996), are differentiated from O. whitfieldi, in which testes 
are distributed in only 1 cluster. Three more species differ from the one 
described herein, by possessing a lower number of testes: O. japonesi 
Kugi, 1993, O. lygosomatis Skinker, 1935, and O. okinawensis Kugi, 
1993 (12-19 testes vs. 28-45, respectively) (Kugi, 1993; Bursey et al., 
1996), whereas 1 more, O. langrangei Joyeux and Houdemer, 1927, has 
a higher number (50-60). Three of the 4 remaining species (0. indica 
Misra, 1945, O. aulicus Johri, 1961, and O. calotes Nama and Khichi, 
1974), have a larger strobilar size (136-200 mm, 172 mm, and 55-100 
mm, respectively), than O. whitfieldi (14.4-33.7); in addition, ovarian 
lobes in O. indica and O. calotes are divided into smaller polar lobes 
and larger aporallobes, whereas in the new species they are symmetric. 
Oochoristica aulicus also differs from O. whitfieldi in neck and sucker 
size (2 mm and 0.115 vs. 0.75-1.03 and 0.142-0.165, respectively), as 
well as geographical distribution (oriental vs. neotropical realms), and 
final hosts (snakes and iguanas, respectively) (Misra, 1945; Nama and 
Khichi, 1974; Bursey et al., 1996). Finally, asymmetry of ovarian lobes, 
genital ducts passing over osmoregulatory canals, egg size (0.047 X 
0.05), geographical distribution, and host (Varanus sp.) of O. varani 
Nama and Khichi, 1972, allow it to be distinguished from the new 
species (Nama and Khichi, 1972). 
Oochoristica whitfieldi is distributed in the neotropical realm; for this 
region, 12 species have been described, i.e., O. ameivae (Beddard, 
1914), parasitizing Ameiva surinamensis Garman, 1887 (Beddard, 
1914); O. bresslaui Fuhrmann, 1927, in Tropidurus sp. (Bursey et al., 
1996); O. parvula (Stunkard, 1938); O. insulamargaritae L6pez-Neyra 
and Diaz-Ungrfa, 1957, in Ameiva ameiva L. (L6pez-Neyra and Diaz-
Ungrfa, 1957); O. freitasi Rego and Ibanez, 1965, in Dicrodon heter-
olepis (Tschudi); O. travassosi Rego and Ibanez, 1965 in Leiocephalus 
sp. (Rego and Ibanez, 1965); O. vanzolinii Rego and Oliveira-Ro-
drigues, 1965, in Hemidactylus mabouia (Moreau de Jonnes) (Rego and 
Oliveira-Rodrigues, 1965); O. iguanae Bursey and Goldberg, 1996 in 
Iguana iguana L.; O. maccoyi Bursey and Goldberg, 1996, in ArlOlis 
gingivinus Cope (Bursey and Goldberg, 1996b); O. acapulcoensis, O. 
guanacastensis (Brooks et al., 1999), and O. leonregagnonae (Ariz-
mendi-Espinosa et al., 2005). 
The absence of ovarian sublobes in O. vanzolinii, or the reduced 
number of these structures in O. ameivae (5-8), O. bresslaui (5-6), O. 
maccoyi (3), and O. parvula (3-5), allow separation from the new spe-
cies (11-17) from these 5. In addition, O. bresslaui, O. maccoyi, and 
O. parvula can be differentiated from O. Whitfieldi by the number of 
testes (60, 10-16, and 20-30 vs. 28-45, respectively), and from O. 
ameivae and O. vanzolinii by possessing osmoregulatory canals devel-
oping a plexus (absent in the new species) (Beddard, 1914; Stunkard, 
1938; Rego and Oliveira-Rodrigues, 1965; Bursey et al., 1996, Bursey 
and Goldberg, 1996b). 
Three other neotropical species (0. freitasi, O. insulaemargaritae, 
and O. travassosi), differ from O. whitfieldi by having wider scoleces 
(0.487, 1.025, 0.637 vs. 0.34-0.37, respectively). Moreover, testes in 
these 3 species exhibit a postovarian arrangement, whereas in the new 
species some testes reach the ovarian lobes; oncospheres in O. freitasi 
are bigger (0.41 X 0.38 vs. 0.17), O. insulamargaritae has a higher 
number of testes (67-83 vs. 28-45), and the cirrus pouch is longer in 
O. travassosi (0.300 vs. 0.117-0.175) (L6pez-Neyra and Diaz-Ungrfa, 
1957; Rego and Ibanez, 1965). 
In addition to the new species, 4 species of Oochoristica distributed 
in the neotropical realm have been described parasitizing Iguanidae, i.e., 
O. acapulcoensis, O. guanacastensis, O. leonregagnonae, and O. igu-
anae. The 3 former species can be differentiated from O. whitfieldi by 
possessing a higher mean number of testes (122, 62, 95, vs. 35, re-
spectively), and wider scoleces (0.450-0.600, 0.475-0.537, 0.5-0.8, vs. 
0.25-0.26, respectively). In contrast, O. iguanae differs from the new 
Mexican species in having a longer strobila (60-110 mm vs. 14.4-33.7 
mm, respectively), a fewer number of ovarian sublobes (6 vs. 11-17), 
and a cirrus pouch hardly reaching excretory canals (whereas in O. 
whitfieldi the cirrus pouch widely passes over these canals). In addition, 
uterine ovigerous capsules, embryonic capsules, and oncospheres are 
all smaller in the new species (L6pez-Neyra and Diaz-Ungrfa, 1957; 
Brooks et al., 1999; Arizmendi-Espinosa et al., 2005). 
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EMENDED DESCRIPTION AND REDETERMINATION OF SARWARIA CABALLEROI 
N. COMB. (NEMATODA: OSTERTAGIINAE) WITH DETAILS OF THE SYNLOPHE AND 
ESOPHAGEAL CHARACTERS 
Eric P. Hoberg and Arthur Abrams 
United States Department of Agriculture, Agricultural Research Service, United States National Parasite Collection and Animal Parasitic 
Disease Laboratory, BARC East 1180, 10300 Baltimore Avenue, Beltsville, Maryland 20705. e-mail: ehoberg@anri.barc.usda.gov 
ABSTRACT: Among genera of the ostertagiine nematodes, structural attributes of Spiculopteragia caballeroi are consistent with 
criteria that diagnose the genus Sarwaria. Specifically, the following characters are compatible with referral to this genus: (1) 
species characterized by monomorphic males; (2) tapering lateral synlophe in the cervical zone; (3) minuscule, thornlike cervical 
papillae; (4) length of Ray "4" < Ray "5"; (5) relatively thick or robust Ray "4"; (6) a substantially reduced dorsal lobe and 
dorsal ray that are disposed or curved ventrally relative to Rays "8"; and (7) a broad, laterally inflated dorsal lobe. Consequently, 
we propose Sarwaria caballeroi n. comb., and we provide further validation for the genus Sarwaria. Additionally, we propose 
that the ostertagiines are represented by 12 valid genera, including those characterized by a bursal formula of 2-2-1 (Cervica-
prastrongylus, Hyostrongylus, Mazamastrongylus, Spiculopteragia, and Teladorsagia in addition to Sarwaria), and those in which 
the lateral rays describe a 2-1-2 pattern (Camelostrongylus, Longistrongylus, Marshallagia, Orloffia, Ostertagia, and Pseudo-
marshallagia). 
Nematodes found in the abomasum and duodenum of an Asi-
atic chevrotain, Tragulus javanicus (Osbeck), collected near 
Kuala Lampur, Malaysia, were originally described as Spicu-
lopteragia caballeroi Chabaud, 1977, and they were relegated 
among the Ostertagiinae. Among the ostertagiines, this species 
was considered by Chabaud (1977) to possess both "primitive 
and evolved" characters. Specimens were referred to Spiculop-
teragia (Orloff, 1933), regarded as the most ancestral genus of 
the Tribe Spiculopteragiini Sarwar, 1957 based on the absence 
of both a gubernaculum and cuticularized support structures in 
the genital cone of males, and occurrence in a primitive cervid 
(tragulid) host, although inconsistencies with this decision were 
noted (Chabaud, 1977). 
In the current study, we examine these inconsistencies, and, 
based on new information for specific structural attributes, we 
propose a different generic taxonomy for this species. The syn-
lophe, specifically the cervical region of males and females, 
was not described in detail, and it was otherwise not considered 
in the original taxonomic decision. The pattern of cuticular 
ridges in the cervical region, and other structural characters as 
addressed below, have a bearing on understanding the gent?ric-
level placement for S. caballeroi. 
Among the Ostertagiinae, several genera are characterized by 
a copulatory bursa in males in which the lateral rays describe 
a 2-2-1 pattern (Durette-Des set, 1983). Included here are the 
following: Spiculopteragia, Teladorsagia Andreeva and Satu-
baldin, 1954, Sarwaria Dr6zdz, 1965, Mazamastrongylus Cam-
eron, 1935, Hyostrongylus Hall, 1921A .and Cervicaprastrongy-
Ius Gibbons and Khalil, 1982. Among this group, Spiculopter-
agia, Sarwaria, and Mazamastrongylus have been referred to 
the Spiculopteragiini (e.g., Sarwar, 1957; Dr6zdz, 1965); Hyo-
strongylus and Cervicaprastrongylus to the Hyostrongyliini 
(Skrjabin and Shikhobalova, 1952) (e.g., Trach, 1986); and Te-
ladorsagia to the Ostertagiini (e.g" Dr6zdz, 1965), although 
most genera in this putative tribe have a 2-1-2 bursa. Spiculop-
teragiini was established by Sarwar (1957) for certain of the 
Ostertagiinae in Cervidae, Tragulidae, Suidae, and Bovidae, and 
it was defined as a discrete evolutionary lineage among the 
Received 4 December 2006; revised 20 Apri12007; accepted 20 April 
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ostertagiines by Dr6zdz (1965). The taxonomic partitioning for 
these tribes has received little attention, and phylogenetic sup-
port for these as independent lineages remains to be determined 
(e.g., Jansen, 1989). Furthermore, there is continued disagree-
ment about the validity of certain genera among this group de-
fined otherwise by bursal structure (e.g., Andreeva, 1957; Dur-
ette-Desset, 1981, 1982, 1983, 1989; Gibbons and Khalil, 1982; 
Jansen, 1989); resolution has some bearing on the generic 
placement of S. caballeroi. 
Decisions by Durette-Desset (1982, 1983, 1989) placed both 
Sarwaria and Mazamastrongylus (among others) as synonyms 
of Spiculopteragia. In contrast, Gibbons and Khalil (1982) re-
garded both as independent, whereas Jansen (1986) considered 
Mazamastrongylus discrete from Spiculopteragia. Lichtenfels 
et al. (1996), in agreement with Gibbons and Khalil (1982), 
reestablished the validity of Sarwaria. 
Hyostrongylus had been referred to the Graphidiinae by Dur-
ette-Desset (1983); however, the validity of this genus (and Cer-
vicaprastrongylus) as an ostertagiine was justified by Gibbons 
and Khalil (1982), Jansen (1989), Hoberg et al. (1993), and 
later by Durette-Desset et al. (1999). Durette-Desset and Cha-
baud (1977, 1981) and Durette-Desset (1981, 1985) postulated 
a close relationship for Hyostrongylus, Spiculopteragia (with 
Mazamastrongylus) , and Teladorsagia; in phylogenetic analy-
ses, these genera are placed in a polytomy basal to remaining 
Ostertagiinae (Durette-Des set et aI., 1999) indicative of rela-
tion,ships diagnosed by bursal structure in this group (e.g., Hob-
erg and Lichtenfels, 1994). 
Although bursal structure reflects putative phylogenetic di-
agnosis, characters of the synlophe and spicules may serve to 
provide unequivocal differentiation of specific genera. For ex-
ample, the form of the tapering cervical synlope, with ventral 
"hood ridges" adjacent to the excretory pore, is a putative syn-
apomorphy for Spiculopteragia + Mazamastrongylus; however, 
species of respective genera are characterized by unique con-
figurations of terminal spicules (e.g., Lichtenfels et al., 1993; 
Hoberg, 1996; Hoberg and Khrustalev, 1996). Tapering synlo-
phes in Teladorsagia and Sarwaria are similar (absence of hood 
ridges), but these genera are separated by the structure of the 
dorsal ray and spicules in the latter (e.g., Lichtenfels et al., 
1988, 1996). Additionally, the parallel cervical synlophe seen 
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FIGURE I. Sarwaria caballeroi n. comb. showing structure of the synlophe in the cervical region and relative positions of the sub ventral gland 
orifices (svgo), excretory pore (exp), cervical papillae (cp), and EIJ (eij). (a) Ventral synlophe. (b) Lateral synlophe showing Type 1 Pattern for stertagiines. 
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in Hyostrongylus and Cevicaprastrongylus serves to distinguish 
these from other genera with a 2-2-1 bursal pattern (Hoberg et 
al., 1993). 
In the current study, we provide an emended description of 
S. caballeroi based on examination of the type specimens. We 
focus on those suites of characters that were not evaluated in 
detail in the original description, particularly the structure of 
the cervical synlophe in males and females (e.g., Lichtenfels et 
aI., 1988). These data contribute to a revision of Spiculopter-
agia (E.P.H. and A.A., data not shown), to reevaluation of the 
generic placement of S. caballeroi among the group distin-
guished by a 2-2-1 bursal formula, and to ongoing discussions 
about the systematic structure, validity, and relationships among 
putative genera of the ostertagiine nematodes (e.g., Durette-
Desset, 1983; Jansen, 1989; Hoberg and Lichtenfels, 1994; Dur-
ette-Desset et al., 1999). 
MATERIALS AND METHODS 
Nematode specimens 
The type specimens were obtained from the Collection de Zoologie 
du Museum National d'Histoire Naturelle, Paris, France (MNHN Paris: 
881 LL). These specimens included the male holotype and female al-
lotype in T. javanicus. Although the original article reports 14 male and 
16 female specimens (Chabaud, 1977), these specimens were not made 
available for the current study. 
Microscopy 
The male and female type specimens were studied as temporary 
whole mounts cleared in phenol-alcohol (80 parts melted phenol crys-
tals and 20 parts absolute ethanol) and examined with differential in-
terference contrast light microscopy. The male specimen was evaluated 
on the basis of the copulatory bursa, spicules, and genital cone. Bursal 
ray patterns were determined and described using the system of Durette-
Desset and Chabaud (1981). Papillae of the genital cone and rays of 
the bursa followed the numbering system of Chabaud et al. (1970). The 
length of the valve at the esophageal-intestinal junction (EIJ) , deter-
mined to extend from the posterior end of the cuticular lining of the 
triradiate lumen of the esophagus to the posterior end of the esophagus, 
was measured. The pattern of the cervical synlophe follows definitions 
outlined by Lichtenfels et al. (1988). Additionally, the structure of the 
ovejectors in females was evaluated in the context of recent definitions 
and descriptions among related nematodes (Lichtenfels et aI., 2003). All 
measurements are given in micrometers, unless specified otherwise. 
Measurements determined for the type specimens in the current study 
do not differ substantially from those in the original description (Cha-
baud, 1977), so they are not repeated below. 
REDESCRIPTION 
Spiculopteragia caballeroi Chabaud, 1977 
(Figs. 1-20) 
General redescription: Trichostrongyloidea, uncoiled small nema-
todes. Cephalic vesicle present, poorly developed, buccal capsule min-
iscule, elongate and rounded with cuticularized lining. Deirids, small, 
thornlike (haemonchine) in confirmation, situated posterior to excretory 
pore and subventral gland orifice. Cuticle with prominent synlophe ex-
tending from base of cephalic expansion to near caudal extremity in 
males and females. EIJ prominent, length <2X width. 
Synlophe: Ridge system in cervical zone and throughout body in 
males and females, bilaterally symmetrical, perpendicular, lateral-most 
ridges relatively diminutive, otherwise lacking gradient in size, contin-
uous, originating at base of cephalic expansion. Cervical zone with 14 
ridges in dorsal and ventral fields, single right and left lateral ridges, 
total of 30; increasing in number posteriad from base of esophagus. In 
male, ridges terminate ventrally and dorsally near 320 anterior to pre-
bursal papillae; lateral ridges terminate near 200-290. In female, ridges 
extend beyond the anus to the distal-most annulated portion of tail. 
Cervical synlophe tapering, consistent with "Type 1 Pattern" for os-
tertagiines with 1 pair of lateral ridges terminating in lateral field ad-
jacent to the lateralmost ridge anterior to the EIJ. Ventrally, cervical 
synlophe parallel, Type A Pattern for ostertagiines, with ventral-most 
ridge interrupted by the excretory pore slightly anterior to cervical pa-
pillae. 
Male characters: Single male morphotype. Valve at EIJ measuring 
70 X 45. Bursal pattern 2-2-1. Paired "0" papillae miniscule, ventral 
to cloaca. Rays "2" and "3" equal in length, parallel in proximity, 
separating distally, convergent at tips. Ray "2" narrower than Ray "3." 
Ray "4" robust, shorter than Ray "5." Accessory bursal membrane 
(ABM) of genital cone, large and rounded, weakly incised ventrally, 
positioned dorsal to cloaca. Paired "7" papillae divergent laterally, 
curving ventrally within ABM, extending to distal end of ABM. Exter-
nodorsal, Ray "8," with prominent medial curve distally. Dorsal lobe 
reduced, positioned ventrally relative to Rays "8," with slight inden-
tation distally; dorsal ray bipartite. Spicules, short, thick, trifurcate with 
main shaft of left spicule shorter than right; distal end of main shaft 
finely tapered with ventral curve. Gubernaculum absent. 
Female characters: Valve at EIJ measuring 82 X 45. Amphidelphic 
with paired ovejectors, eggs present in anterior and posterior uteri. Ove-
jectors with common central vestibule, bipartite sphincters, and rela-
tively short infundibula. Sphincter-I, muscular, bulblike; spincter-2 cy-
lindrical, with poorly demarcated junction indicated by muscular con-
struction at proximal end; length of posterior and anterior sphincters 
equal. Vulva, transverse, disposed ventrally. Vulval flaps and fans not 
FIGURES 2-4. Sarwaria caballeroi n. comb., showing cephalic and cervical structures. (2) Cervical region in male holotype, ventral view, 
showing position of the subventral gland orifices (svgo), cervical papillae (cp), and form of the valve demarcating the EIJ (eij). (3) Cervical 
region in male, lateral view, showing posiqp,n of miniscule, thornlike cervical papilla. (4) Cervical region in male, lateral view, showing structure 
of the excretory pore. 
FIGURES 5-7. Sarwaria caballeroi n. comb., showing characters of the female genital system. (5) Ovejectors, lateral view, showing structure 
of vulva (vu), anterior and posterior infundibula (inf; between dotted lines and arrows), sphincters (sp) (between white arrows) demarcated as 
sphincter 1 (sl) and sphincter 2 (s2), and vestibule (ve). (6) Vulva, ventral view, showing structure of hypertrophied synlophe. (7) Eggs in posterior 
arm of uterus. 
FIGURES 8-10. Sawaria caballeroi n. comb., showing structure of tail in female. (8) Tail, ventral view, showing position of anus (an), phasimids 
(ph), and cuticular annulations (ann) near tip. (9) Anus, lateral view, showing absence of inflated cuticle. (10) Tail, lateral view, showing termination 
of synlophe (ts) in region posterior to anus (arrow), and cuticular annulations (ann). 
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FIGURES 11 - 12. Sanllaria caballeroi n. comb., showing structure of copulatory bursa in male holotype. (11) Bursa, ventra l view, howing 
positions of prebursa l papillae (pbp), ABM -(llbm), and reduced dorsal lobe (d l). (12) Bur a, dor a l view, showing position of reduced dor a l lobe 
(d l) in plane ventral to curved exte rnodorsal or "8" ray . 
FIG RES 13-16. Sawaria caballeroi n. comb., howing charac ter of the maJe holotype. (13) Oor al lobe, ventra l view, showing re lati ve 
posi tion within copulatory bursa. (14) Copulatory bursa, latera l view, howing struc ture and position of Rays "2" and "3." (15) Spicule in right 
lateral view, showi ng thick, stout structure, with acute main shaft (m), sinuous ventra l process (v) and dorsal process (d). (16) Spicule, latera l 
view, main shaft, showing ex panded region ante rior to acute ly pointed tip . 
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FIG RE 17- 20. SQ/war;a caballero; n. comb. , howing structure of genita l cone and dorsal lobe. (17) Genita l cone, ventral view, showing 
position of " 0" papillae and ABM (abm). (18) Accessory bursal membrane, ventral view, containing paired and divergent " 7" papillae. (19) 
A BM, ventra l view, with focu toward dorsal lobe. (20) Dor a l lobe (dl ), ventral view, showing laterally inflated structure and robust, reduced, 
dorsal ray. 
observed laterally or ventrally in alloptype; ridges of synlophe hyper-
trophied ventrally adjacent to vulva. Vulva at 81 % of body length from 
anterior extremity. Tail, narrow, elongate, relatively acute, with cuticular 
annulations near tip. 
Comparisons and taxonomic position for S. caballero; 
Ostertagiine taxonomy: Specimens of S. caballeroi are referred to the 
Ostertagiinae based on the presence of paired "0" papillae, a putative 
synapomorphy for this group of trichostrongyloids (Hoberg and Lich-
tenfels, 1994). The proper generic placement of S. caballeroi within the 
Ostertagiinae is guided by the presence of a 2-2-1 bursal ray pattern. 
The 2-2-1 pattern constitutes the apomorphic form of the bursa and also 
delimits Spiculopteragia, Mazamastrongylus, Cervicaprastrongylus, 
Hyostrongylus, and Teladorsagia in addition to Sarwaria (e.g., Hoberg 
and Lichtenfels, 1994; Durette-Desset et aI., 1999). Historically, dis-
tinctions among these genera have been established on the basis of 
differences in spicule morphology, the genital cone, and dorsal ray with 
recent advances in the understanding of the cervical synlophe adding 
an additional level of refinement to our understanding of the systematics 
for these taxa. Among these genera, S. caballeroi is immediately dis-
tinguished from Hyostrongylus and Cervicaprastrongylus by the lateral 
tapering synlophe, Type 1, in the cervical region (Hoberg et al., 1993). 
Comparisons with Spiculopteragia, Mazamastrongylus, and Telador-
sagia: Chabaud (1977) assigned S. caballeroi to the genus Spiculopter-
agia within the tribe Spiculopteragiini on the basis of characteristics 
considered primitive, such as the lack of a gubernaculum and chitinized 
support structures within the genital cone, but noted the difficulty of 
accommodating this species among various genera of the ostertagiines. 
Spiculopteragia caballeroi shares with Mazamastrongylus and Spicu-
lopteragia a 2-2-1 arrangement of the bursal rays and an absence of a 
gubernaculum. In contrast, bursal Rays "2" and "3" of S. caballeroi 
are parallel throughout their length, whereas these rays in all other spe-
cies of Spiculopteragia are strongly divergent along their length but are 
convergent distally. The cervical synlophe in S. caballeroi differs sub-
stantially from the ventral (hood-ridges) and dorsal systems, which are 
postulated as a synapomorphy for Spiculopteragia and Mazamastron-
gylus (Lichtenfels et aI., 1993; Hoberg, 1996). Additionally, the spicules 
of S. caballeroi do not possess putative synapomorphies unique to Spi-
culopteragia (prominent fan-shaped membranes) or Mazamastrongylus 
(spoon-shaped dorsal process) (Hoberg, 1996). Furthermore, S. cabal-
leroi differs from species of Teladorsagia in the disposition of Rays 
"2" and "3," relative length of Ray "4," and in structure of the dorsal 
lobe and ray, among other structural attributes (Hoberg et aI., 1999). 
These observations establish that S. caballeroi cannot be referred to 
Spiculopteragia, Mazamastrongylus, or Teladorsagia. 
Proposal for placement of s. caballeroi in the genus Sarwaria: Struc-
tural attributes of S. caballeroi are consistent with criteria that diagnose 
the genus Sarwaria (e.g., Gibbons and Khalil, 1982; Lichtenfels ~t aI., 
1996). Specifically, the following characters are compatible with referral 
to this genus: (1) species characterized by monomorphic males; (2) 
tapering lateral synlophe in cervical zone; (3) minuscule, thornlike cer-
vical papillae; (4) length of Ray "4" < Ray "5"; (5) relatively thick 
or robust Ray "4"; (6) a substantially reduced dorsal lobe and dorsal 
ray that are disposed or curved ventrally relative to Rays "8"; and (7) 
a broad, laterally inflated dorsal lobe. Consequently, we propose Sar-
waria caballeroi n. comb. 
DISCUSSION 
Ostertagiine taxonomy 
A revised concept for Sarwaria would now include 2 species, 
namely, the type S. bubalis (Sarwar, 1956), with synonyms S. 
boevi Pande and Chahaun, 1969 and Skrjabinagia bubalis 
Jiang, Guam, Yan and Zhou, 1988, and the proposed S. cabal-
leroi n. comb. Inclusion of a second species in this genus, and 
clarification of morphological criteria as outlined, further sup-
port recognition of Sarwaria as a independent genus among the 
ostertagiine nematodes (e.g., Gibbons and Khalil, 1982; Lich-
tenfels et al., 1996). 
In this concept, the Ostertagiinae would contain a minimum 
HOBERG AND ABRAM8-SARWARIA CABALLEROI TAXONOMY 1149 
of 12 valid genera. We recognize 6 genera with a putative phy-
logenetic diagnosis based on the 2-2-1 pattern of the bursa, 
including Spiculopteragia, Mazamastrongylus, Cervicapras-
trongylus, Hyostrongylus, and Teladorsagia in addition to Sar-
waria. Furthermore, 6 other ostertagiine genera, with the plesio-
morphic 2-1-2 bursal pattern, would include Camelostrongylus 
Orloff, 1933, Longistrongylus Le Roux, 1931, Marshallagia 
(Orloff, 1933), Orloffia Dr6zdz, 1965, Ostertagia Ransom, 
1907, and Pseudomarshallagia (Roetti, 1941). Such a proposal 
remains to be confirmed in the context of phylogenetic analyses 
designed specifically to resolve generic-level relationships, but 
it would expand the number of valid genera from that proposed 
or recognized by Jansen (1989) and Durette-Desset (1983, 
1985, 1989) and Durette-Desset et al. (1999). 
Host associations and biogeography 
Species of Sarwaria parasitize either Bovinae or Tragulidae 
in southeast Asia and the Indian subcontinent (Sarwar, 1956; 
Pande and Chauhan, 1969; Chabaud, 1977), although it is ap-
parent that S. bubalis has been widely disseminated in tropical 
and subtropical regions throughout the world coinciding with 
the introduction of water buffalo (Bubalis bubalis L.) and sub-
sequent contemporary host switching to cattle (Lichtenfels et 
al., 1996). Assuming origins and endemism in Asia for species 
of Sarwaria, occurrence in bovid and tragulid hosts may be 
consistent with historical host colonization in a geographically 
constrained regional setting. Such a phenomenon has been pro-
posed more generally as the basis for diversification among 
various trichostrongyloids occurring in ungulates (e.g., Durette-
Desset, 1985). Among the related haemonchines and species of 
Haemonchus Cobb, 1898, geographic and host colonization 
have been postulated as dominant divers for speciation for as-
semblages of parasites in artiodactyls (Hoberg et aI., 2004). 
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HYDROMERMIS OSAMI N. SP. (NEMATODA: MERMITHIDAE) FROM CHIRONOMIDS 
ECLOSING FROM NORTHERN MINNESOTA WATERWAYS 
Arthur A. Johnson and Maurice G. Kleve* 
Biology Department, Hendrix College, Conway, Arkansas 72032. e-mail: amjohnson@conwaycorp.net 
ABSTRACT: Hydromermis osami n. sp. (Nematoda: Mermithidae) is described from the hemocoel of 2 species of Rheotanytarsus 
chironomid imagos eclosing from Lake Ozawindib and Gulsvig Landing in northern Minnesota during August 2002 and June 
and July 2006. The species is distinguished from the other 26 described members of the genus by the terminal mouth; oval, 
opaque, thick walled amphids, wider than long; acute posterior end; single spicule not bifurcated proximally; well-developed 
uterine and vulval limbs of the S-shaped vagina; absence of bursal sleeve; absence of nutrient vesicles in the trophosome; and 
an esophagus length over 40% of body length. Members of the new species emerge from the hosts as adults. The other described 
Hydromermis species, number of specimens, location, and known hosts are tabulated. 
In August 2002, 5 adult males and 5 adult females of Hy-
dromermis osami n. sp. were collected from chironomid imagos 
eclosing mainly from Lake Ozawindib, but also from the Mis-
sissippi River at Gulsvig Landing, in northern Minnesota. In 
June and July 2006, many more specimens were collected from 
chironomids eclosing from the river. Examination indicated the 
nematodes had characteristics of species of Hydromermis, but 
did not fit the description of any species described from that 
genus. This represents the seventh species of Hydromermis de-
scribed from the region. The new species is distinguished from 
the other 6 and from the present 26 members of the genus 
described from samples having both adult male and female 
specimens. Sixty species of Hydromermis have been described, 
with most descriptions lacking either adult male or adult female 
specimens. 
Hydromermis was described by Corti (1902) to distinguish a 
specimen from the 2 genera of mermithids known at that time, 
i.e., Mermis and Paramermis. Hydromermis was distinguished 
from Mermis by the absence of mouth papillae and by the pres-
ence of 6 cephalic papillae rather than 4. It was distinguished 
from Paramermis by the absence of cross fiber layers in the 
cuticle and by the presence of 8 hypodermal cords instead of 
6. Controversy arose over the legitimacy of Hydromermis, but 
Corti's assessment has prevailed. In addition to the aforemen-
tioned characters, Hydromermis species have an S-shaped va-
gina and a single C-shaped spicule sometimes separated at the 
base. All members of the genus possess a pair of dorsal pro~ 
tractor muscles. Species in the genus have been described from 
Europe (England, Germany, Russia, Estonia, Romania, Hun-
gary, Yugoslavia), Asia (Tajikistan, Kazakhstan, Russia), South 
America (Argentina), and North America (Canada, United 
States). The distribution of the genus globally is mainly north 
of 40° north latitude, with the exceptian of 3 species from Flor-
ida, California, and Argentina. Known hosts are chironomids 
and simuliids. 
MATERIALS AND METHODS 
Methods of collection, culturing, fixation, processing, and observa-
tion are given in detail by Johnson and Kleve (2004). All measurements 
are given in micrometers (fLm) unless otherwise specified. The first 
number is the mean, followed by the standard deviation with the range 
in parentheses. 
Received 11 January 2007; revised 27 April 2007; accepted 27 April 
2007. 
* Department of Biology, University of Arkansas at Little Rock, 2801 
S. University Avenue, Little Rock, Arkansas 72204. 
DESCRIPTION 
Hydromermis osami n. sp. 
(Figs. 1-5) 
Diagnosis: Small, colorless mermithid nematodes. Terminal mouth 
(Figs. 1, 2). Head dome shaped with cervical constriction. Hexapapil-
late. Acute posterior end with occasionally tendril-like terminus. Short 
buccal funnel (stoma). Small, thick-walled, oval amphids wider than 
long (Fig. 1). Amphids positioned immediately posterior to and dorsal 
to lateral cephalic papillae. Amphidal (dorsal) commissure (Fig. 2). Sin-
gle C-shaped spicule (Fig. 5) with ventral enlargement at base. Esoph-
agus long (Fig. 3, arrow), 42-62% body length. Excretory pore present. 
S-shaped vagina with strong uterine, vulval, and middle limbs (Fig. 3). 
Genital papillae absent around genital pore. Small number of lateral 
genital papillae. Trophosome (Fig. 4, asterisk), which is restricted to 
dorsal third of body, lacks vesicles and contains instead a colorless, 
granular, viscous fluid. Fixator muscle of about 12 noncontiguous, broad 
fibers (Fig. 5). Dorsal protractors (Fig. 5) of 2 compact bundles with 
origins beginning opposite genital pore. Retractor muscles (Fig. 5) also 
compact. Paired bursal muscles (Fig. 5) extend from posterior tip for-
. ward to level anterior to base of retracted spicule. Insertions of bursal 
muscles mainly dorsoventral, but some lateral. Immature stages not ob-
served. 
Female (n = 15; Figs. 3, 4): Length 9.4 ± 2.7 (6.7-17.1) mm. Max-
imum body diameter 123 ± 14 (100-160). Body index 76.7 ± 19.1 
(52.6-129.1). Length of stoma (buccal funnel) 6 ± 0.7 (5-8). Anterior 
end to cephalic papillae 10 ± 1 (9-13)/30 ± 4 (24-41), amphids 14 ± 
2 (11-18), nerve ring 149 ± 25 (103-200)/70 ± 7 (53-78), excretory 
pore 276 ± 46 (210"::'335), esophagus terminus 5.1 ± 1.7 (3.5-10.4) 
mmll15 ± 14 (90-148), vulva 4.5 ± 1.2 (3.3-7.8) mrnl119 ± 15 (100-
143). Amphid dimensions lateral view: length 10 ± 1.8 (8-13), width 
11 ± 1.5 (9-14). Esophagus width at nerve ring 3 ± 0.5 (3-4). Vulva 
percent 48.2 ± 2.8 (43.2-52.3). Esophagus percent 53.5 ± 4.9 (48.0-
62.3). Thickness of cuticle at midbody 3 ± 1.2 (2-6). Posterior end to 
trophosome 125 ± 40 (83-215)/53 ± 6 (43-63). Oval shelled egg (Fig. 
3, asterisk) in situ (n = 8) 55-58 X 37-43. Cephalic index 0.33 ± 0.04 
(0.28-0.42). 
Male (n = 15; Figs. 1, 2, 5): Length 7.7 ± 0.9 (6.2-9.3) mm. Max-
imum body diameter 72 ± 4 (63-80). Body index 107.7 ± 11.1 (88.3-
124.0). Length of stoma 6 ± 0.8 (4-6). Anterior end to cephalic papillae 
10 ± 1.4 (8-13)127 ± 1.9 (25-31), amphids 14 ± 1.5 (13-18), nerve 
ring 151 ± 17 (125-175)/32 ± 11 (25-50), excretory pore 258 ± 20 
(225-280), esophagus terminus 3.7 ± 0.5 (3.0-4.9) mml66 ± 4 (60-
74). Amphid dimensions lateral view: length 8 ± 0.8 (6-9), width 11 
± 2.1 (6-13). Esophagus width at nerve ring 2 ± 0.4 (1-3). Thickness 
of cuticle at midbody 2 ± 0.5 (1-3). Esophagus percent 49.1 ± 3.8 
(42.5-53.1). Tail length 202 ± 16.5 (175-232)/52 ± 3.4 (45-58). 
Length of spiCUle chord 83 ± 5.8 (70-90), spiCUle axis 110.6 ± 10.6 
(96-133). Medial genital papillae pregenital pore 9.3 ± 1.3 (7-12), 
postgenital pore 8.7 ± 1.4 (6-11). Lateral genital papillae pregenital 
pore 3.9 ± 1.1 (2-6), postgenital pore 4.2 ± 0.8 (3-6). Sperm rod 
shaped. Differentiated area, possibly glandular, at spiCUle head level in 
ejaculatory duct (Fig. 5, arrow). Spicule axis length:diameter of body 
at genital pore:taillength = 2.1 ± 0.3 (1.8-2.5):1:3.9 ± 0.4 (3.3-4.5). 
Cephalic index 0.37 ± 0.06 (0.24-0.46). 
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Taxonomic summary 
Type host: Rheotanytarsus pellucidus (Walker) and Rheotanytarsus 
n. sp. imagos. 
Type locality: Lake Ozawindib (Clearwater County), Minnesota, 
47°13.8'N, 95°16.4'W; Gulsvig Landing on Mississippi River (Clear-
water County), Minnesota, 47°15.2'N, 95°13.5'W. 
Site of infection: Hemocoel of adult chironomids. 
Type specimens: One vial with holotype male and allotype female 
(T-36lt), 2 vials each with 3 adult male and 3 adult female paratypes 
(T-503p, T-504p), and microscope slides of uninfected adult male of 
Rheotanytarsus n. sp. (609t), infected adult female of Rheotanytarsus 
n. sp. (608t), and an infected adult intersex of Rheotanytarsus pellucidus 
(T-607t) are deposited in the USDA Agricultural Research Service, 
Nematology Collection, Beltsville, Maryland. 
Etymology: The specific epithet is derived from the names of Teresa 
Clogston Osam and Patrick Osam. 
Bionomics: Hydromermis osami n. sp. emerges from adult imago 
hosts sexually mature, the last molt having occurred within the insect. 
Of the 9 isolated infected adult female hosts, 7 yielded single adult 
females, I yielded 2 adult male merrnithids, the other yielded 2 adult 
males plus a postparasitic mermithid of another species. No infected 
male chironomid hosts were observed, only the intersex of R. pelluci-
dus. Longevity of the nonfeeding adults at room temperature in lake 
water and benthic substrate was at least 2 mo. 
REMARKS 
Unusual features of Hydromermis osami n. sp. include its 
small size, long length of terminal limbs of vagina in most 
specimens, absence of a bifurcation of the base of spiCUle, an 
acutely tapered and rounded tail tip, absence of nutrient glob-
ules in trophosome, and lack of a bursal sheath. All 3 compo-
nents of vagina are well represented and are long in most cases. 
The S-shaped nature of vagina is lost in some specimens by an 
additional limb and in other specimens by the peripheral cir-
cular shape of the entire organ. In most species of mermithids, 
trophosome width approximates body width in size and is filled 
with nutrient vesicles which obscure the reproductive system. 
Restriction of trophosome dorsally throughout its entire length 
and presence of a viscous, transparent, granular medium is un-
usual. The female esophagus is longer than the distance from 
the anterior end to the vulva (Fig. 3, arrow) except in 1 case 
where the termination is at the vulva leveL In males the shortest 
esophagus is 42.5% of total length. . 
Of the 26 species of Hydromennis, 6 are bispiculate or have 
the spicule divided at the base. Three of the remaining have a 
bursal sheath, referred to in 1 case as a ventral protractor. Six 
others have the posterior end broadly rounded in both sexes. 
Two have a distinctly subventral mouth. Four have distinctly 
circular amphids in lateral view. Four others have oval amphids 
with the long axis being anterior-postS!por. The last species has 
amphids resembling a truncated pyramid. 
The new species is most closely related to Hydromennis pal-
ustris Hominick and Welch, 1971. The latter are larvicidal in 
Cladotanytarsus sp. (Chironomidae) at Delta Marsh in Mani-
toba, Canada. In the values of 14 ranges of male characters 
provided by Hominick and Welch (1971), 6 have a substantial 
overlap with the new species. Of the 11 female characters, there 
is overlap in the ranges of all characters. Distinct structural and 
developmental differences exist between the 2 species. Unlike 
H. osami, H. palustris is larvicidal and emerges as a "free-
living juvenile." The chironomid host species are different. The 
amphids of both species are thick walled. In lateral view, H. 
palustris show an amphidal anterior-posterior axis longer than 
the transverse axis. The opposite is the case in the new species 
(Fig. 1). Terminal limbs of the vagina of H. osami are longer 
and usually much longer than is illustrated for H. palustris. The 
body length of H. palustris males is less than that of any of the 
males of the new species. The lateral genital papillae number 
in both fields (pregenital pore, postgenital pore) are fewer in 
the new species. The trophosome of most aquatic mermithids 
is filled with nutrient globules. In the new species these are 
absent. It is an unusual character and is not mentioned in the 
description of the Delta Marsh forms. The posterior ends of 
both species taper to a point that is rounded in the new species 
and sharp in H. palustris. The spicule chord is shorter in the 
new species. The shelled eggs in situ are much larger (65-73 
X 54-67) in H. palustris. 
Following is a listing of the 27 species of Hydromennis, the 
authors, the number of specimens collected, the geographic lo-
cation and habitat, and host simuliid or chironomid where 
known: 
H. acutipenis Rubzov, 1972a: 1 male, 3 females. River near 
Leningrad, Russia. Chironomid larvae. 
H. amblyospicula Rubzov, 1973: Male and females. Estonia. 
Hosts unknown. 
H. angusticauda Rubzov, 1972a: 6 males, 9 females. Leningrad 
Rivers, Russia. Larval chironomids. 
H. boroki Rubzov, 1972a: 4 males, 1 female, 1 postparasitic 
larva. Russia in water supply tank in Borok. Chironomids. 
H. chasmogama Rubzov, 1976a: 1 male, 1 female. European 
Russia. Host unknown. 
H. churchillensis Welch, 1960: 1 male, 15 females. Water res-
ervoir in Churchill, Manitoba, Canada. Aedes communis 
(DeG.) (Diptera: Culicidae). 
H. conopophaga Poinar, 1968: 15 males, 15 females. Percola-
tion ponds in California. Tanytarsus sp. Hominick and 
Welch, 1971: 20 males, 17 females. Delta Marsh, Manitoba, 
Canada. Polypedilum simulans, Harnishia sp. 
H. contorta (Linstow, 1889): Immature male and female and 3 
mature females. Germany. Free in water. Many males and 
females. Corti (1902). Italy. 
H. (Jacica (Coman, 1961): Males and females. Romania, Hun-
gary, Yugoslavia. Hosts unknown. 
H. doloresi Camino, 1993: 12 males, 10 females, 10 postpar-
asitic larvae. Cordoba Province in Argentina. Simulium ju-
juyense (Paterson and Shannon). 
H. floridensis Johnson, 1971: 10 males, 10 females, 1 postpar-
asitic larva. Florida, Minnesota. Glyptotendipes paripes (Ed-
wards) larvae and adults. 
FIGURES 1-5. Hydromermis osami n. sp. (1) Male, anterior end, lateral view. (2) Male, anterior end, dorsal view showing dorsal commissure. 
(3) Female, lateral view of vagina region with shelled egg profile (asterisk) in uterus and esophagus (arrow). (4) Female, posterior end showing 
trophosome (asterisk) and three cells of ovary. (5) Male, tail region showing spicule and musculature and glandular region of ejaCUlatory duct 
(arrow). Bar = 0.01 mm (Figs. I, 2): bar = 0.1 mm (Figs. 3-5). 
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H. gastroviridis Johnson and Kleve, 1997: 10 males, 7 females. 
Minnesota. Endochironomus subtendens Townes. 
H. grandis Rubzov, 1973: 1 male, 1 female. Estonia. Host un-
known. 
H. illiesi Kaiser and Schwank, 1985: 10 males, 4 females. Ger-
many. Host unknown but chironomids and simuliids domi-
nant in collection region. 
H. itascensis Johnson, 1965: 10 males, 10 females. Lake Itasca, 
Minnesota. Glyptotendipes lobiferus (Say) imagos. 
H. lanceicephala Gafurov, 1981: 3 males, 10 females. Tajikis-
tan. Chironomids. 
H. leptoposthia Steiner, 1929: 1 male, I female. Kama basin 
rivers in Russia. Hosts unknown. 
H. longicaudata Rubzov, 1973: 1 male, 1 female. Lake Chud, 
Estonia. Hosts unknown. 
H. minutissima Rubzov, 1973: 1 male, 1 female. Estonia. Hosts 
unknown. 
H. osami Johnson and Kleve: 15 males, 15 females. Minnesota. 
Rheotanytarsus pellucidus (Walker) and Rheotanytarsus n. 
sp. 
H. palustris Hominick and Welch, 1971: 6 males, 11 females. 
Delta Marsh, Manitoba, Canada. Cladotanytarsus sp. Chiron-
omidae. 
H. pamirensis Rubzov and Gafurov, 1977: 1 male, females. 
Mountain lakes of Pamir in Tajikistan. Chironomus plumosus 
(L.). 
H. pratensis Rubzov, 1972b: 1 male, 1 female. European Rus-
sia, Pechora River Basin. Hosts unknown. 
H. pseudocontorta Johnson and Kleve, 1999: 14 males, 14 fe-
males. Long Lake, Minnesota. Chironomus sp. larvae. 
H. siberica Rubzov, 1976b: Males and females. Lake Baikal in 
Russia. Chironomus f l. thummi Kieff. 
H. viridis Johnson and Kleve, 1997: 23 males, 20 females. Lake 
Itasca, Minnesota. Endochironomus (Tanytarsus) subtendens 
(Townes) imagos. 
H. welchi Johnson and Kleve, 1998: 19 males, 19 females. Lake 
Itasca, Minnesota. Polypedilum (Polypedilum) nubeculosum 
(Meigen) imagos. 
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NEW AND EMENDED DESCRIPTIONS OF GREGARINES FROM FLOUR BEETLES 
(TRIBOLIUM SPP. AND PALORUS SUBDEPRESSUS: COLEOPTERA, TENEBRIONIDAE) 
J. Janovy, Jr., J. Detwiler, S. Schwank, M. G. Bolek, A. K. Knipes, and G. J. Langford 
School of Biological Sciences, University of Nebraska Lincoln, Lincoln, Nebraska 68588-0118. e-mail: jjanovy1@unl.edu 
ABSTRACT: The following new gregarine taxa are described from larvae of flour beetles (Coleoptera: Tenebrionidae): Awrygre-
garina billmani, n. gen., n. sp., from Tribolium brevicomis; Gregarina cloptoni, n. sp., from Tribolium freemani; Gregarina 
confusa, n. sp., from Tribolilum confusum; and Gregarina palori, n. sp., from Palorus subdepressus. In addition, the description 
of Gregarina minuta Ishii, 1914, from Tribolium castaneum, is emended. Scanning electron micrograph studies of these species' 
oocysts reveal differences in surface architecture. The Gregarina species have oocysts with longitudinal ridges, visible with SEM, 
whereas Awrygregarina billmani oocysts have fine circumferential striations; surface architecture is the main feature distinguishing 
the 2 gregarine genera. Although parasites from adult beetles are not included in the descriptions, adults of all host species can 
be infected experimentally using oocysts from the new taxa. 
The so-called "flour beetles" include a number of stored 
product pests, particularly species of Tribolium and 2 species 
of Palorus (Coleoptera: Tenebrionidae). These insects have 
been used in ecological studies because of their ease of culture, 
as well as in research on parasite-induced host behaviors be-
cause of their role as intermediate hosts for helminths. More-
over, they have been studied in efforts to develop control meth-
ods (Shostak and Smyth, 1998; Yan et al., 1998; Pai and Yan, 
2003; Arnaud et aI., 2005). Flour beetles also represent inter-
esting host-parasite systems in that all or most of the species, 
including both adults and larvae, are infected with gregarine 
parasites (Apicomplexa: Conoidasida: Gregarinasina: Eugregar-
inorida), and the presumed relationship among hosts provides 
a tractable laboratory model to explore experimentally the evo-
lutionary constraints on host specificity. Such exploration re-
quires, however, taxonomic description of the parasites in-
volved. 
With a group of related hosts and their congeneric or con-
familial parasites, molecular methods, used in conjunction mor-
phological characters, allow researchers to develop phyloge-
netic hypotheses and propose causal explanations such as co-
speciation and host capture (Snyder and Tkach, 2001; Le6n-
Regagnon and Brooks, 2003). Ideally, however, one should do 
experimental cross-infections to determine whether host-para-
site associations are established by true host-parasite incom-
patibility or by ecological factors. With most systems involving 
parasites of vertebrate hosts, logistical burdens make this kind 
of experimental work very difficult, especially so, when the 
species are not routinely reared in captivity. With insects such 
as flour beetles, much of this logistical burden is lifted, espe-
cially because their gregarine infections are often as easily ma-
nipulated as their hosts (Clopton et aC 1991, 1992; Watwood 
et aI., 1997). 
In the case of Tribolium species, a number of gregarines have 
been described already, but the number of host species involved 
is low, and the descriptions themselves are sometimes not con-
sistent with current practice (see Clopton, 1999), particularly 
with respect to oocyst morphology (cf. Ghose et aI., 1986). The 
present study was intended to resolve some of the taxonomic 
problems surrounding the parasites of flour beetles and to bring 
the gregarine descriptions up to the standards established by 
Received 5 October 2006; revised 7 March 2007; accepted 8 March 
2007. 
Clopton (1999) in anticipation of using both hosts and parasites 
in experimental parasite population and host-specificity studies. 
MATERIALS AND METHODS 
Insects were obtained from a variety of sources. Tribolium confusum 
and Tribolium castaneum were originally collected at the University of 
Nebraska Poultry Science Feed Mill, Lincoln, Nebraska, during the 
middle 1980s and have been maintained in culture since (Watwood et 
ai., 1997). Tribolium madens, Tr. brevicomis, Tr. freemani, and Palorus 
subdepressus were obtained from the USDA Post-Harvest Grain Mar-
keting Laboratory, Kansas State University, Manhattan, Kansas, in Jan-
uary 1999. Stock cultures were maintained in plastic jars or conical 
centrifuge tubes with finely perforated screw-cap lids in media consist-
ing of 45% commercial whole-wheat flour, 45% wheat bran, 7% com-
mercial wheat germ, and 3% baker's yeast by volume. New cultures 
were started biweekly using 20 adults or mixtures of adults and larvae. 
Cultures were maintained in incubators set at 27 C and provided with 
a pan of water inside to maintain humidity. 
Hosts were dissected, and both fresh preparations and stained smears 
were made from guts that had been teased apart by the methods of Kula 
and Clopton (1999). Fresh preparations were made in Tenebrio sp. sa-
line (Belton and Grundfest, 1962). Air-dried smears were fixed in al-
cohol-formalin-acetic acid, washed in 70% ethyl alcohol, stained in 
Semichon's acetocarmine, dehydrated, cleared in xylene, and mounted 
with Canada balsam (Sigma, St. Louis, Missouri) or Damar balsam 
(Spectrum, Gardena, California) (Pritchard and Kruse, 1982; Kula and 
Clopton, 1999). For measurements of living organisms, images were 
taken with a Nikon Coolpix 995 camera fitted with an Optem 25-70-
14 adapter (Optem International, Fairport, New York; www.opteminti. 
com). Digital photograph numbers were recorded, and the actual total 
length of each specimen was measured using a calibrated ocular micro-
meter. Measurements were thus associated with each photograph and 
used to calibrate measurements taken with image analysis software. 
Measurements were taken using Scion Image Beta 4.02 for Windows 
(Scion Corporation, Frederick, Maryland; www.scioncorp.com). For 
measurements, each photograph was converted to a 15.2-cm-wide (pro-
portions constrained), 100 pixels/inch bitmap file, and the image was 
adjusted slightly for contrast if necessary, all using Adobe Photoshop 
6.0 (Adobe, San Jose, California). Measurements taken were those of 
the extended gregarine set of Clopton (1999); they were copied to an 
Excel (Microsoft, Redmond, Washington) spreadsheet, then converted 
to micrometers using a calibration factor calculated from total length 
measured with the ocular micrometer and total length in image analysis 
software units. Some parasite dimensions, however, were simply cal-
culated from those measurements taken instead of being independently 
measured (the Clopton, 1999, set contains several that allow this ap-
proach). The measurements included in the current descriptions are 
those in Table 1. Correlations also were calculated between deutomerite 
length and nuclear distance posterior to septum. Shape terminology is 
that recommended by Clopton (2004a). 
Gametocysts were harvested by isolating larvae overnight in the out-
side moat of Falcon 3010 plastic, organ tissue-culture dishes with a 
small piece of wet paper towel in the center well and the cover added. 
Gametocysts were then picked up with a fine camel hairbrush and trans-
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TABLE I. Morphological characters measured and abbreviations for these characters as used in this article. 
Abbreviation 
TL Total length 
Protomerite length 
Character 
PL 
PLA 
PLP 
PWM 
PDSW 
DL 
DWE 
DWM 
DLA 
DLP 
ND 
NDP 
Protomerite length anterior to widest point 
Protomerite length posterior to widest point 
Maximum protomerite width 
Width of the protomerite-deutomerite septum 
Deutomerite length 
Deutomerite width at midpoint of deutomerite 
Maximum deutomerite width 
Length of deutomerite anterior to widest point 
Length of deutomerite posterior to widest point 
Greatest nuclear dimension 
Distance of nucleus posterior to septum 
r DL:NDP; p/r = 0/ 
r DWM:NDP; p/r = 0/ 
TLlPL 
Correlation between deutomerite length and NDP 
Correlation between maximum deutomerite width and NDP 
Total length/protomerite length ratio 
TLIDL 
DLIPL 
Total length/deutomerite length ratio 
Deutomerite/protomerite length ratio 
PLIPWM Protomerite length/maximum width ratio 
PLIPLA 
PLlPDSW 
PWMlPDSW 
DLIDWE 
Protomerite length/length anterior to widest point ratio 
Protomerite length/septum width ratio 
DLIDWM 
Protomerite maximum width/septum width ratio 
Deutomerite length/width and mid-point ratio 
Deutomerite length/maximum width ratio 
DLAIDL 
DLAlDLP 
DWMlDWE 
Deutomerite length anterior to widest point/deutomerite length ratio 
Deutomerite length anterior to widest point/posterior to widest point ratio 
Deutomerite maximum width/width at midpoint ratio 
ferred to I % neutral buffered formalin to be washed for a few minutes 
before isolation for further observation or dehiscence. For gametocyst 
photography, cysts were placed in a hanging drop of 1:1 glycerin:tap 
water on a cover glass and allowed to dehisce. The cover glass was 
then placed on a slide, drop side down, for observation of dehiscence 
mechanism. 
Oocysts were prepared for digital photography by allowing gameto-
cysts to dehisce on 22 X 22-mm cover glasses resting on the center 
well of covered Falcon plastic organ culture dishes with water in the 
moat, then inverting the cover glasses on a slide and tacking the comers 
down with glue. With this technique, gametocysts could complete.their 
early development in a high humidity atmosphere as demonstrated by 
Clopton and Janovy (1993), and oocysts could be photographed later 
under oil immersion in their "natural" state, i.e., in air, instead of being 
suspended in media such as glycerol or agar (Clopton, 1995; Clopton 
et al., 2004). Measurements were taken with ScionImage software as 
described above, but calibrations were done using a stage micrometer 
photograph. Because oocyst chains are twisted in such preparations, at 
least 50 oocyst lengths were measured, but the width and thickness 
measurements could only be taken on tho~' cysts oriented in the proper 
direction. Thus, length, width, and thickness measurements are not nec-
essarily from the same individual oocysts, but from the oocysts in chains 
resulting from dehiscence. 
Oocysts were prepared for scanning electron microscopy in 2 ways. 
First, oocyst chains were placed on 15-mm round cover glasses coated 
with poly-L-Iysine (Sigma-Aldrich, St. Louis, Missouri) according to 
package instructions. These cover glasses plus oocysts were then fixed 
for 2 hr in 3% phosphate buffered glutaraldehyde, pH 7.2, washed in 
0.1 M phosphate-buffered sucrose solution, postfixed for 1 hr in 1 % 
osmium tetroxide in 0.1 M phosphate buffer, washed with distilled wa-
ter, dehydrated through an acetone series, critical point-dried using a 
Sorvall critical-point drying system (DuPont, Newtown, Connecticut), 
and sputter-coated with 200 A gold-palladium using a Technics (Osaka, 
Japan) Hummer II sputterer. In the second method, oocysts were simply 
sputter-coated without prior fixation. Scanning electron microscopy was 
performed at 15 kV with a Hitachi (Tokyo, Japan) 3000N SEM. After 
comparison of electron micrographs taken of oocysts prepared by both 
methods, the latter was chosen for all the SEMs because no detectable 
differences in surface features could be observed in specimens prepared 
by the different methods. 
Parasite hapantotypes and paratypes were deposited in the Harold W. 
Manter Laboratory of Parasitology (HWML), University of Nebraska 
State Museum (UNSM), Lincoln, Nebraska. Host symbiotypes were 
prepared according to instructions provided by Dr. Brett Ratcliffe, Cu-
rator of Entomology, UNSM, and deposited in that facility. Accession 
numbers for both hosts and parasites are provided in the taxonomic 
sections. 
Drawings were made either with the aid of a camera lucida or by 
tracing video screen images on acetate sheets then tracing those images 
on to velum. Statistical analysis was performed with Excel and Stat-
view. All measurements are reported in micrometers as the mean (range, 
standard deviation, n). 
DESCRIPTION 
Awrygregarina g. nov. 
Diagnosis: Eugregarinorida Leger, 1892, sensu Clopton (2000); Sep-
tatorina Lankester, 1885, sensu Clopton (2000), Gregarinicae Chakara-
varty, 1960, sensu Clopton (2000), Gregarinidae Labbe, 1899, sensu 
Clopton (2000); with characters of Awrygregarina g. nov.: epimerite 
simple short cone; association precocious, cephalocaudal, biassociative; 
gamonts anisogamous, primite with protomerite conspicuously offset 
laterally ("awry"), mature satellite longer than primite and with atten-
uated posterior end; gametocysts spherical, dehiscing in chains through 
sporoducts; oocysts approximately spherical with fine circumferential 
striations. 
Taxonomic summary 
Type species: Awrygregarina hillmani sp. nov. 
Etymology: The generic name Awrygregarina is derived from the 
consistently offset protomerite of the mature primite, giving the ap-
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FIG URES I- II. Awrygregarina billmaJIj, n. sp. in various stages. (1) Young trophozoite with epimerite. Bar = 10 fl.m . (2-3) Primite and 
satellite of associated pair, respectively. Bar = 100 fl.m. (4) Smaller assoc iated pair. Bar = 50 fl.m . (5) Gametocyst in dehiscence (in g lycerin). 
Bar = 100 fl.m . (6) Oocyst tube (arrow) on gametocy t; oocysts a llow estimation of tube length. Bar = 20 fl.m. (7) Oocyst cha in . Bar = 10 fl.m. 
(8-10) Oocysts (SEM) showing ends and fine circumferential striations. Bar = 5 fl.m . (11) Oocysts showing what appear to be an external sheath 
binding them into a chain. 
pearance of the compartment being awry or askew in comparison to 
typical species of G regarina. 
Remarks 
Dehiscence in chains through sporoduct , precociou association, and 
cephalocaudal assoc iation, all consistent with cardinal characters of the 
Gregarinidae. Oocyst ultrastructural characte rs, especia lly nature of fine 
surface striations, clearly distinguish this genus from those currently 
con idered species of Gregarina and for which SEM-Ievel oocyst char-
acters are available. Major distinguishing feature of thi genus, sepa-
rating it from Gregarilla , is oocyst surface architecture as revealed by 
SEM. Series of low ridges encirc ling oocyst parallel to eq uator is in 
stark contrast to high longitudinal ridges characteri sti c of Gregarina 
species from congeneric hosts. 
Awrygregarina billmani n. sp. 
(Figs. 1- 19) 
Trophozo ite (Figs. I, 12- 13): Developing trophozoites attached to 
host epithelium; primites and sate llites distinguishable at a ll develop-
mental stages by offset protomerite (primite) and attenuated posterior 
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FIGURES 12-19. Line drawings of Awrygregarina billmani, n. sp. (12-13) Young trophozoites. (14-16) Paired gamonts in various stages of 
maturity. (17) Mature associated primite. (18) Mature associated satellite. (19) Oocysts. Figures 12-18, bar = 100 /Lm; Figure 19, bar = 10 /Lm. 
end (satellite); epimerite papillalike, visible usually only on smaHest 
trophozoites. Measurements and correlations between measurements are 
listed in Table II. 
Gamonts and association (Figs. 2-4, 14-18): Primite: protomerite 
ovoid to broadly ovoid, tilted away from primite axis; deutomerite ob-
long to narrowly oblong. Satellite: protomerite ovoid to broadly ovoid; 
deutomerite obovoid to narrowly obovoid. Measurements and correla-
tions between measurements in Table II. 
Gametocysts (Figs. 5-6): Spherical to o'l'al, white translucent when 
shed, with obvious sporoducts when allowed to dehisce in 1: 1 glycerin: 
water; 119.1 (95.0-142.5, 11.3, 15) by 102.6 (85.5-123.5, 10.9, 15). 
Oocysts (Figs. 7-11, 19): Broadly dolioform, in chains, often de-
pressed or somewhat concave on 1 surface; length 4.8 (3.7-5.5, 004, 
50), width 3.5 (2.9 X 4.1, 0.3, 50), thickness 2.2 (1.6-2.8, 0.2, 50). 
Ultrastructurally with a coating, presumably of gametocyst origin, over 
oocyst chain, series of low ridges or fine striations parallel to equator, 
and raised ring at each end of each oocyst (Figs. 8-10). 
Taxonomic summary 
Host: Tribolium brevicomis LeConte, 1859. 
Symbiotype: University of Nebraska State Museum, Entomology Di-
vision collection, vouchers: J. Janovy, Jr. 001--010 (10 pinned adults on 
points); J. Janovy, Jr., 050 (larvae in vial). 
Host records: Tribolium brevicomis LeConte, 1859; larvae; labora-
tory infections. 
Locality: University of Nebraska Lincoln; School of Biological Sci-
ences, Manter Hall, Lincoln, Nebraska, cultures. 
Infection site: Midgut. 
Specimens: University of Nebraska State Museum, Harold W. Manter 
Laboratory of Parasitology collections; HWML48434 (hapantotype); 
HWML48435-HWML48438 (paratypes). 
Etymology: The new species is named in honor of Dr. James K. 
Billman, Jr., a generous supporter of University of Nebraska under-
gradtiate research and teaching, especially at the Cedar Point Biological 
Station. 
Remarks 
"Trophozoites" include individuals that for some reason remain un-
associated, thus this stage is designated rather arbitrarily, given that 
some are obviously very tiny and others are very large. In the case of 
Awrygregarina billmani, presumptive primites and satellites have mor-
phological features that allow one to distinguish the 2 mating types 
while they are still very small, and the 2 types retain characteristic 
morphology even if they remain singlets until they grow relatively large. 
Epimerites are visible only on the very small ones; however, designation 
of these individuals as "immature" is arbitrary because epimerites can 
be lost in dissection or in the process of making permanent slides from 
smears. Minimum pairing size is one potentially useful criterion for 
distinguishing immature from mature trophozoites, although the term 
"precocious" as applied to pairing, and used as a taxonomic character, 
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FIGURES 20-27. Gregarina c/op lOni, n. sp., various stages. (20) Young Lrophozoite. Bar = 50 ILm. (21) lmmature associated pair, showing 
epimerite. Bar = 50 ILm . (22-23) Marur~ ,Primite and satellite, respectively. ·Bar = 100 ILm . (24) Gametocyst showing poroduct (arrow). Bar = 
100 ILm. (25) Ooc),sts. Bar = 10 ILm. (26-27) SEM s of oocyst howing longirudinal ridges (Fig. 26, bar = 10 ILm; Fig. 27, bar = 5 ILm). 
tend to call thi criterion into question. It is obviou from the literarure 
that gregarine mating behavior is quite diverse, but generally fa lls into 
2 categories, i .e., late and precociou . Awrygregar ina billllu1I1i pairs 
precociously, but some indi v iduals do not fi nd mates. Failure to pair 
doe not inhibit growth because singlets can grow as large as their 
mated co-symbiont . 
Gregarina cloptoni n. sp. 
(Figs. 20-33) 
Trophozoite (Figs. 20, 28- 29): Epimerite globular. Protomerite shal-
low to broadly ovoid; deutomerite nar row to very narrow ly oblong. 
M ea urements and correlations between measurements are given in Ta-
ble I I. 
Gall10nts alld association (Figs. 2 1- 23 , 3 1- 32): Primite: TL 111.1 
(46.0- 2 14.0, 37 .0,68); protomerite very hallow to broadly ovoid ; deu-
tomerite narrow to very nar rowl y oblong. Satellite: protomerite de-
pressed to shallowly ovoid ; deutomerite narrow to very narrowly ob-
long. M easurements and correlations between measurements in Table 
II. 
Gall1etocysts (Fig. 24): Translucent and white when hed, w ith hya-
line space up to 10 IL w ide surrounding inner cytoplasmic mass; ub-
spherica l , 94.4 (85.5- 104.5, 5.6, 15) by 87.4 (76.0- 95.0, 6.2, 15). 
Oocysts (Figs. 25- 27, 33): In chains, end-to-end wi th long ax i par-
TABLE II. Measurements of morphological characters for 4 new species of Gregarina and for the emended description of G. minuta. All measurements are in micrometers and reported 
as mean (range, standard deviation). 
Awrygregarina 
Stage and character billmani Gregarina cloptoni Gregarina confusa Gregarina palori Gregarina minuta 
Trophozoite; n = 28 82 41 33 43 
TL 113.6 (7.1-275.0, 91.0) 82.9 (18.8-211.0,43.4) 97.5 (46.0-154.0, 70.0) 99.3 (22.1-196.0,47.2) 80.3 (18.0-180.0, 41.5) 
PL 18.7 (1.7-50.8, 14.4) 10.5 (4.8-17.5, 2.7) 10.9 (9.7-11.6, 2.7) 11.5 (5.3-20.0, 3.3) 10.1 (4.1-16.6,3.0) 
PLA 12.7 (1.2-30.6, 9.4) 7.5 (3.8-15.0, 2.3) 8.6 (7.1-9.2, 1.4) 8.8 (2.6--15.2, 2.3) 7.3 (3.6--12.8, 2.3) 
PLP 6.0 (0.2-20.2, 6.1) 3.0 (0.0-7.5, 1.6) 2.4 (0.4-6.2, 1.2) 2.7 (0.3-5.0, 1.3) 2.7 (0.4-5.5, 1.2) 
PWM 24.1 (2.0-66.2, 18.7) 12.7 (7.5-24.0, 3.9) 12.4 (8.3-13.6, 3.8) 14.6 (6.1-28.9, 5.0) 12.0 (6.4-20.6, 3.7) 
PDSW 21.8 (2.3-6Ll, 16.3) 12.1 (6.7-26.5, 3.7) 12.8 (7.5-13.6,4.8) 13.7 (5.3-25.1, 4.8) 11.8 (6.1-20.1, 3.7) 
DL 94.9 (5.4-239.6, 77.4) 72.5 (14.0-197.7, 41.2) 86.6 (18.7-165.0, 43.2) 87.8 (16.9-181.2, 44.4) 70.2 (13.9-163.4, 39.1) 
DWE 27.6 (1.9-86.6, 24.4) 17.9 (8.8-42.3, 8.1) 18.8 (10.5-17.4, 8.0) 21.6 (10.4-44.6, 9.8) 16.3 (6.6--37.0,7.1) 
DWM 30.0 (2.<l-93.5, 25.0) 18.5 (8.8-42.3, 8.3) 18.3 (9.9-19.4, 6.0) 21.4 (8.6--43.1, 9.5) 16.5 (6.6--38.4, 7.4) 
DLA 11.3 (0.8=--36.8, 9.4) 18.7 (2.6--83.8, 16.7) 14.2 (4.8-46.2, 11.2) 25.8 (5.5-90.0, 22.4) 21.5 (3.1-115.0, 26.7) 
DLP 83.6 (4.5-226.8, 70.2) 53.7 (5.5-188.4, 34.0) 72.4 (16.3-144.9, 40.0) 62.1 (8.1-171.6,45.5) 48.7 (10.8-124.9, 31.4) 
ND 9.6 (1.4-20.4, 5.9) 7.5 (1.5-14.5, 2.3) 8.9 (6.3-11.9, 2.6) 8.4 (2.3-16.9, 3.1) 7.6 (3.3-13.0, 2.6) 
NDP 13.2 (1.9-45.9, 12.1) 25.3 (2.6--133.3, 25.1) 35.5 (2.7-61.5, 11.7) 37.1 (2.0-133.6, 32.2) 31.8 (2.6--96.0, 28.4) 
r DL:NDP; plr = 01 0.60; <0.01 0.67; <0.01 0.58; <0.01 0.45; <0.01 0.78; <0.01 
r DWM:NDP; plr = 01 0.75; <0.01 0.51; <0.01 0.49; <0.01 0.58; <0.01 0.62; <0.01 
TLIPL 5.7 (3.2-8.7, 1.5) 7.6 (3.4-15.9, 2.5) 8.7 (3.8-14.7, 2.9) 8.3 (4.2-13.2, 2.4) 7.6 (4.3-12.5, 2.5) 
TLlDL 1.2 (Ll-1.5, 0.1) 1.2 (Ll-1.4, 0.1) 1.2 (Ll-1.4, 0.1) 1.2 (Ll-1.3, 0.1) 1.2 (Ll-1.3, 0.1) 
DLIPL 4.7 (2.2-7.7, 1.5) • 6.6 (2.4-14.9, 2.5) 7.7 (2.8-13.7, 2.9) 7.3 (3.2-12.2, 2.4) 6.6 (3.3-11.5, 2.5) 
PLlPWM 1.5 (0.1-2.1,0.2) 0.8 (0.6-1.4, 0.1) 0.9 (0.5-1.3, 0.2) 0.8 (0.6--1.2, 0.1) 0.9 (0.5-1.6, 0.2) 
PLIPLA 1.5 (1.0-2.1, 0.3) 1.4 (0.7-2.5, 0.3) 1.3 (Ll-1.7, 0.2) 1.4 (Ll-2.3, 0.3) 1.4 (Ll-1.8, 0.2) 
PLlPDSW 0.9 (0.5-1.4, 0.3) 0.9 (0.5-1.2, 0.2) 0.9 (0.4-1.4, 0.2) 0.9 (0.6-1.3, 0.2) 0.9 (0.6-1.7, 0.2) 
PWMlPDSW Ll (0.8-1'.4, 0.2) 1.0 (0.8-1.3, 0.1) 1.0 (0.8-1.4, 0.1) Ll (0.8-1.3, 0.1) 1.0 (0.8-1.2, 0.1) 
DLIDWE 3.4 (1.4-6.4, 1.2) 4.0 (1.6--8.3, 1.3) 4.6 (2.0-9.4, 1.7) 4.0 (1.6--6.6, 1.2) 4.2 (1.5-8.8, 1.4) 
DLIDWM 3.1 (1.4-5.4, 0.9) 3.9 (1.6--9.1, 1.3) 8.3 (1.6--37.0, 6.1) 4.1 (4.6--7.2, Ll) 4.1 (1.5-9.1, 1.3) 
DLAIDL 0.2 (0.1-0.4, 0.1) 0.3 (0.1-0.7, 0.2) 0.2 (0.1-0.6, 0.1) 0.3 (0.1-0.8, 0.2) 0.3 (0.1-0.9, 0.2) 
DLAlDLP 0.2 (0.1-0.6, 0.1) 0.5 (0.1-2.7, 0.5) 0.3 (0.1-1.7, 0.3) 0.7 (0.1-3.6, 0.7) 0.7 (0.1-7.0, 0.2) 
DWMlDWE Ll (0.9-1.5, 0.1) . 1.0 (0.9-1.4, 0.1) 1.0 (0.8-1.2, 0.1) 1.0 (0.8-1.2, 0.1) 1.0 (0.8-1.3, 0.1) 
Gamont-primite; n = 76 68 94 57 56 
TL 104.9 (31.8-236.3, 43.2) 11Ll (46.0-214.0, 37.0) 104.3 (42.5-179.9, 33.5) 116.6 (52.1-228.8, 40.1) 113.0 (58.3-191.7, 29.8) 
PL 18.3 (5.3-43.7, 6.6) 12.5 (9.0-19.6, 2.4) 11.9 (6.4-2Ll, 2.6) 13.2 (9.1-22.5, 3.2) 12.5 (8.3-21.2, 2.3) 
PLA 12.5 (4.1-24.6, 4.2) 9.2 (5.0-15.9, 1.9) 9.1 (4.7-16.4, 2.3) 10.1 (4.1-19.4,2.7) 9.2 (4.6--13.4, 1.6) 
PLP 5.8 (0.5-19.7, 3.1) 3.4 (0.0-8.5, 1.6) 2.8 (0.0-5.2, 1.2) 3.2 (0.6--7.8, 1.8) 3.4 (0.2-7.8, 1.5) 
PWM 28.6 (7.7-58.1, 12.1) 14.5 (8.8-24.7, 3.2) 14.5 (7.5-23.0, 3.2) 17.0 (9.2-24.0, 3.7) 14.1 (8.2-23.4,3.1) 
PDSW 22.5 (6.7-54.2, 9.9) 13.9 (8.8-22.2, 3.2) 14.5 (8.0-23.1, 3.1) 16.1 (8.6--24.0, 3.9) 14.1 (8.9-25.8, 3.3) 
DL 86.6 (25.3-192.6, 37.1) 98.6 (34.2-204.0, 35.8) 92.5 (36.1-163.0, 31.7) 103.4 (42.1-210.4, 37.9) 100.4 (49.2-177.7, 28.8) 
DWE 26.9 (8.6--69.8, 14.5) 19.4 (10.9-40.0, 5.3) 21.3 (10.9-51.3, 7.0) 27.7 (10.7-54.5, 10.7) 19.6 (9.6--44.0, 7.8) 
DWM 33.0 (8.8-70.0, 16.2) 20.5 (11.5-40.0, 5.5) 21.9 (9.7-46.5, 6.7) 28.7 (10.4-52.2, 10.9) 20.9 (10.4-45.9, 8.1) 
DLA 14.9 (1.3-96.7, 15.0) 28.4 (6.4-110.0, 27.6) 15.0 (3.8-124.7, 17.1) 32.7 (7.4-112.2, 23.6) 32.8 (8.0-114.9, 28.6) 
DLP 71.7 (20.4-162.1, 3Ll) 70.3 (11.4-155.6, 37.7) 77.4 (18.9-136.3, 28.7) 70.6 (15.3-163.3, 31.6) 67.6 (8.0-137.2, 31.6) 
ND 11.4 (3.6-22.0, 4.2) 9.0 (5.5-15.1, 2.0) 9.2 (4.7-18.6, 2.4) 10.0 (5.4-14.8, 2.4) 9.1 (5.7-16.1,2.1) 
NDP 21.4 (3.6-97.7, 20.5) 45.3 (2.1-122.4, 32.7) 35.1 (2.7-115.9, 28.7) 51.2 (3.1-132.5, 31.9) 38.9 (3.3-102.2, 26.8) 
r DL:NDP; plr = 01 0.40; <0.01 0.71; <0.01 0.60; <0.01 0.58; <0.01 0.42; <0.01 
r DWM:NDP; plr = 01 0.29; <0.05 0.61; <0.01 0.39; <0.01 0.47; <0.01 0.19; > 0.05 
TLlPL 5.6 (3.6--9.2, 1.0) 8.9 (3.9-21.4, 2.7) 8.7 (5.0-14.3, 2.0) 8.8 (5.2-15.9, 2.2) 9.1 (5.0-18.2, 2.4) 
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TABLE II. Continued. 
Awrygregarina 
Stage and character billmani Gregarina cloptoni Gregarina confusa Gregarina palori Gregarina minuta 
TL/DL 1.2 (1.1-1.4, 0.1) 1.1 (1.0-1.3, 0.1) 1.1 (1.1-1.3,0.1) 1.1 (1.1-1.2,0.1) 1.1 (1.1-1.2,0.1) 
DLIPL 4.6 (2.6-8.2, 1.0) 7.9 (2.9-20.4, 2.7) 7.7 (4.0-13.3, 2.0) 7.8 (4.2-14.9, 2.2) 8.1 (4.0-17.2,2.4) 
PLlPWM 1.5 (0.9-2.0, 0.1) 0.9 (0.5-1.2, 0.1) 0.8 (0.5-1.2, 0.2) 0.8 (0.6-1.2, 0.2) 0.9 (0.5-1.4, 0.2) 
PLiPLA 1.5 (0.9-2.0, 0.2) 1.4 0.0-2.0, 0.2) 1.3 (1.0-1.7, 0.2) 1.3 (1.1-2.2, 0.2) 1.4 (1.0-1.8, 0.2) 
PLlPDSW 0.9 (0.4-1.4, 0.2) 0.9 (0.6-1.3, 0.2) 0.8 (0.5-1.2, 0.2) 0.8 (0.6-1.3, 0.2) 0.9 (0.4-1.6, 0.2) 
PWMIPDSW 1.3 (0.7-1.7,0.2) 1.0 (0.8-1.3, 0.1) 1.0 (0.8-1.3, 0.1) 1.1 (0.9-1.3, 0.1) 1.0 (0.8-1.3, 0.1) 
DLiDWE 3.4 (1.8-6.0, 0.8) 5.1 (1.8-7.8, 1.4) 4.5 (2.4-8.0, 1.2) 3.9 (2.4-6.9, 1.0) 5.4 (3.2-7.8, 1.1) 
DLlDWM 2.7 (1.9~5.1, 0.6) 4.8 (1.8-7.6, 1.3) 8.4 (1.2-14.5, 3.1) 3.7 (2.3-6.5, 0.9) 5.0 (3.2-7.3, 1.0) 
DLAIDL 0.2 (0.0-0.7, 0.1) 0.3 (0.1-0.9, 0.2) 0.2 (0.1-0.8, 0.1) 0.3 (0.1-0.7, 0.2) 0.3 (0.1-0.9, 0.3) 
DLAlDLP 0.2 (0.0-2.6, 0.4) 0.9 (0.1-5.9, 1.5) 0.3 (0.1-5.4,0.8) 0.6 (0.1-2.3, 0.6) 1.2 (0.1-12.4, 2.2) 
DWMIDWE 1.2 (0.9-1.7, 0.2) 1.1 (0.9-1.3, 0.1) 1.0 (0.8-1.4, 0.1) 1.0 (0.9-1.4, 0.1) 1.1 (1.0-1.4,0.1) 
Gamont-satellite; n = 76 68 94 57 56 
TL 124.2 (20.5-283.3, 72.1) 94.6 (31.3-191.0, 38.3) 100.1 (34.9-216.6, 31.8) 99.9 (42.9-172.8, 34.1) 98.4 (27.3-182.5, 38.5) 
PL l7.0 (3.5-44.4, 9.2) 8.3 (3.5-14.0, 2.4) 9.4 (3.4-16.7, 1.6) 10.1 (5.2-18.3,2.8) 8.5 (3.2-l7.0, 2.5) 
PLA 11.8 (1.0-36.8, 7.4) 6.1 (1.0-11.6, 2.3) 7.0 (1.9-12.2, 2.7) 7.3 (3.3-15.0, 2.5) 6.0 (1.8-12.0, 1.8) 
PLP 5.5 (1.0-14.5,3.2) • 2.2 (0.0-5.4, 1.1) 2.4 (0.1-5.4, 1.3) 2.8 (0.1-6.3, 1.5) 2.4 (0.1-6.1,1.3) 
PWM 25.3 (6.5-64.3, 13.2) 13.1 (7.7-32.5, 3.8) 13.7 (7.5-30.5, 3.1) 16.2 (8.1-23.9, 4.1) 13.3 (6.9-21.9, 3.6) 
PDSW 23.6 (5.5-69.6, 13.3) 12.6 (8.1-23.3, 3.0) 13.9 (7.3-23.1, 3.1) 15.8 (6.4-24.9, 4.6) 13.2 (5.9-22.9, 4.1) 
DL 107.2 (16.4-248.8, 63.5) 86.4 (27.2-179.2, 36.3) 89.5 (30.4-205.1, 37.9) 89.8 (37.8-154.5, 32.0) 90.0 (21.7-169.9, 36.4) 
DWE 25.0 (6.2-72.1,14.3) 18.8 (8.0-37.0, 5.9) 20.3 (8.8-43.5, 2.6) 25.9 (10.0-51.9, 10.1) 19.7 (8.0-46.2, 8.1) 
DWM 27.8 (6.9-78.9, 16.6) 19.1 (8.3-40.3, 6.3) 19.6 (8.2-40.7, 3.7) 25.6 (9.5-49.5, 9.9) 20.0 (8.0-47.1, 8.8) 
DLA 11.3 (1.2-47.9, 8.1) 20.2 (5.5-57.6, 11.4) 15.7 (4.8-94.7, 6.9) 21.4 (7.3-61.2, 10.4) 21.4 (3.8-52.5, 10.9) 
DLP 95.8 (14.1-233.7, 58.8) 66.2 (15.0-155.4, 34.0) 73.9 (23.6-l74.2, 33.1) 68.4 (21.5-127.9, 28.3) 68.6 (16.0-141.2, 30.0) 
ND 10.9 (3.0-22.6, 4.9) 8.1 (2.8-14.4,2.1) 9.0 (4.7-17.3, 0.5) 9.3 (5.5-15.9, 2.0) 8.9 (3.9-15.4, 2.7) 
'-
NDP 16.6 (1.2-108.5, 15.6) 31.9 (5.1-146.0, 27.6) 31.1 (3.0-120.1,30.0) 40.8 (2.0-112.8, 28.0) 33.5 (3.6-131.9, 24.8) » z 
r DL:NDP; plr = 01 0.37; <0.01 0.39; <0.01 0.32; <0.01 0.49; <0.01 0.47; <0.01 0 < 
r DWM:NDP; plr = 01 0.32; <0.01 0.26; <0.05 0.20; <0.05 0.39; <0.05 0.45; <0.01 -< m 
TLIPL 7.2 (3.8-11.1,1.4) 11.3 (5.7-18.1,2.5) 10.5 (5.2-18.7,2.8) 9.9 (5.9-20.4, 2.5) 11.4 (4.8-17.1, 2.4) --I 
» 
TLIDL 1.2 (1.1-1.4, 0.1) 1.1 (1.1-1.2,0.1) 1.1 (1.1-1.2,0.1) 1.1 (1.1-1.2,0.1) 1.1 (1.1-1.3,0.1) ,-
DLIPL 6.2 (2.8-10.1, 1.4) 10.3 (4.7-17.1, 2.5) 9.5 (4.2-l7.7, 2.8) 8.9 (4.9-19.4, 2.5) 10.4 (3.8-16.1, 2.4) I Gl 
PLIPWM 1.6 (0.5-3.6, 0.1) 0.6 (0.2-1.0, 0.2) 0.7 (0.3-1.1, 0.1) 0.6 (0.3-1.5, 0.2) 0.6 (0.4-1.2, 0.1) :0 m 
PLiPLA 1.6 (0.5-3.6, 0.4) 1.5 (0.9-4.0, 0.5) 1.4 (1.0-2.1, 0.2) 1.4 (1.0-2.7, 0.3) 1.4 (1.0-2.2, 0.2) Gl » 
PLIPDSW 0.7 (0.4-2.7, 0.3) 0.7 (0.3-1.0, 0.2) 0.7 (0.4-1.0, 0.1) 0.7 (0.3-1.8, 0.2) 0.7 (0.4-1.5,0.2) 22 z 
PWMIPDSW 1.1 (0.8-4.5, 0.4) 1.0 (0.8-2.5, 0.2) 1.0 (0.8-1.4, 0.1) 1.0 (0.9-1.5, 0.1) 1.0 (0.8-2.6, 0.2) m (f) 
DLiDWE 4.2 (1.8-11.4, 1.3) 4.5 (2.0-6.9, 1.1) 4.5 (2.4-8.1, 1.1) 3.5 (2.2-5.5, 0.7) 4.6 (2.3-6.5, 1.0) 0 
." 
DLIDWM 3.9 (1.9-18.9, 1.9) 4.5 (1.9-7.2, 1.2) 4.6 (2.5-8.5, 1.1) 3.6 (2.2-5.5, 0.7) 4.6 (2.5-6.5, 0.9) ." ,-
DLA/DL 0.1 (0.1-0.4, 0.1) 0.3 (0.1-0.7,0.1) 0.2 (0.1-0.6, 0.1) 0.3 (0.1-0.6, 0.1) 0.2 (0.1-0.6, 0.1) 0 c 
DLAlDLP 0.1 (0.1-0.8,0.1) 0.4 (0.1-2.8, 0.5) 0.2 (0.1-1.8, 0.2) 0.4 (0.1-1.6, 0.2) 0.4 (0.1-1.4, 0.2) :0 
IJJ 
DWMlDWE 1.1 (0.3-1.9,0.2) 1.0 (0.9-1.2, 0.1) 1.0 (0.7-1.1, 0.1) 1.0 (0.8-1.1,0.1) 1.0 (0.8-1.1, 0.1) m 
m 
--I 
,-
m 
(f) 
~ 
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FIGURES 28-33. Gregarina cloptoni, n. sp. (28-30) Trophozoites of various ages. (31) Immature associated pair. (32) Mature associated pair. 
(33) Oocysts. Figures 28-32, bar = 100 fLm; Figure 33, bar = 10 fLm. 
allel to chain axis but with individual cysts rotated at various angles 
along axis; oblong, irregularly wrinkled, indented, or compressed when 
dry; length 5.4 (4.6--6.3, 0.4, 50), width 2.9 (2.4-3.5, 0.3, 50), thickness 
1.8 (1.2-2.6, 0.3, 50). Ultrastructurally with series of ridges parallel to 
long axis (Figs. 26--27). 
Taxonomic summary M' 
Host: Triboliumfreemani Hinton 1949. 
Symbiotype: University of Nebraska State Museum, Entomology Di-
vision collection, vouchers: J. Janovy, Jr., 031-040 (10 pinned adults 
on points); J. Janovy, Jr., 053 (larvae in vial). 
Host records: Tribolium freemani Hinton 1949 (larvae; laboratory 
infections). 
Locality: University of Nebraska Lincoln; School of Biological Sci-
ences, Manter Hall, Lincoln, Nebraska, cultures. 
lrifection site: Midgut. 
Specimens: University of Nebraska State Museum, Harold W. Manter 
Laboratory of Parasitology collections; HWML48446 (hapantotype); 
HWML48439-HWML48445 (paratypes). 
Etymology: The specific epithet is given in honor of Dr. Richard 
Clopton, who, with his series of recent taxonomic papers, has estab-
lished the standards of gregarine species-level systematics. 
Remarks 
Gregarina cloptoni differs from other Gregarina spp. described from 
flour beetles in having a globular epimerite that often persists in the 
gamonts and in having larger gametocysts than G. palori, G. minuta, 
or G. confusa. In addition, among the 4 gregarine species described and 
rede1;cribed from Tribolium species in this article, oocyst measurements 
differ significantly when tested by ANOYA; for lengths, F = 73.7 (3, 
196), widths, F = 50.4 (3, 196), and thicknesses, F = 6.3 (3, 196). 
Gregarina cloptoni oocysts are narrower than those of either G. palori 
or G. minuta, but wider than those of G. confusa. 
Gregarina confusa n. sp. 
(Figs. 34-47) 
Trophozoite (Figs. 34, 41-43): Epimerite, a long cone. Protomerite 
very shallowly to broadly ovoid; deutomerite narrowly to very narrowly 
oblong. Measurements and correlations between measurements in Table 
II. 
Gamonts and association (Figs. 35-36,44-46): Primite: protomerite 
broad to very broadly ovoid; occasionally with epimerite; deutomerite 
narrow to very narrowly oblong. Satellite: protomerite shallow to broad-
ly ovoid; deutomerite narrow to very narrowly oblong. Measurements 
and correlations between measurements in Table II. 
JANOVY ET AL.-GREGARINES OF FLOUR BEETLES 1163 
FIGURES 34-40. Gregarina confusa, n. sp; various stages. (34) Young trophozoite. Bar = 50 fLm. (35-36) Mature associated pair, primite and 
satellite, respectively. Bar = 100 fLm. (37) Gametocyst with sporoduct (arrow). Bar = 100 fLm. (38) Oocyst chain. Bar = 10 fLm. (39-40) SEMs 
of oocysts (Fig. 39, bar = 10 fLm; Fig. 40, bar = 5 fLm). • 
Gametocysts (Fig. 37): Translucent and white when shed, with a hy-
aline space up to 10 fLm wide surrounding inner cytoplasmic mass; 
subspherical to broadly ellipsoid, variable in size; 82.3 (57.0-95.0,10.6, 
15) by 75.4 (57.0-90.3, 10.9, 15). 
Oocysts (Figs. 38-40, 47): In chains, end-to-end, with long axis par-
allel to chain axis but with individual c.y.sts rotated at valious angles 
along axis; oblong, irregularly wrinkled, indented, or compressed when 
dry; length 4.8 (3.3-6.3, 0.8, 50), width 2.6 (2.0-3.3, 0.3, 50), thickness 
1.7 (1.0-2.6, 0.4, 50). Ultrastructurally with series of ridges parallel to 
long axis (Figs. 39-40). 
Taxonomic summary 
Host: Tribolium confusum Jacquelin du Val, 1868. 
Symbiotype: University of Nebraska State Museum, Entomology Di-
vision collection, vouchers: J. Janovy, Jr., 021-030 (10 pinned adults 
on points); J. Janovy, Jr., 052 (larvae in vial). 
Host records: Tribolium confusum Jacquelin du Val, 1868; larvae; 
laboratory infections. 
Locality: University of Nebraska Lincoln; School of Biological Sci-
ences, Manter Hall, Lincoln, Nebraska, cultures. 
Infection site: Midgut. 
Specimens: University of Nebraska State Museum, Harold W. Manter 
Laboratory of Parasitology collections; HWML48449 (hapantotype); 
HWML48447-HWML48448 and HWML48450-4845I (paratypes). 
Etymology: The specific epithet is derived from that of the type host. 
Remarks 
The major feature distinguishing G. confusa from the other described 
gregarines parasitizing Tribolium species is the elongate cone epimerite. 
None of the published descriptions of gregarines from flour beetles 
shows or indicates such an epimerite. In fresh preparations, this epim-
erite begins to swell into a bubble basally, likely in response to osmotic 
pressure, as if the membranes were relatively fragile at this particular 
place on the cell surface. In trophozoites, the protomerite is also rela-
tively shorter than in the other species (TLIPL = 8.7 for G. confusa vs. 
7.6-8.6 for the others). Finally, the G. confusa oocysts are smaller than 
those of the other species described in this article. 
Gregarina palori n. sp. 
(Figs. 48-61) 
Trophozoite (Figs. 48, 55-57): Epimerite spherical or subspherical, 
subequal in size to protomerite. Protomerite shallow to broadly ovoid; 
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FIGURES 41-47. Gregarina con/usa. n. sp. (41-43) TrophozoiteS of different ages. (44) Immature associated pair. (45-46) Mature associated 
pair, primite and satellite, respectively. (47) Oocyst chain. Figures 41-46, bar = 100 f.Lm; Figure 47, bar = 10 f.Lm. 
deutomerite narrow to very narrowly oblong. Measurements and cor-
relations between measurements in Table II. 
Gamonts and association (Figs. 49-50, 58-60): Primite: epimerite 
sometimes present; protomerite shallow to broadly ovoid; deutomerite 
narrow to very narrowly oblong. Satellite: pr~tomerite very shallow to 
very broadly ovoid; deutomerite oblong to very narrowly oblong. Mea-
surements and correlations between measurements in Table II. 
Gametocysts (Fig. 51): Subspherical, with obvious cyst wall of uni-
form thickness; 75.8 (52.3-104.5, 17.5,20) by 69.1 (47.5-90.0, 16.4, 
20). 
Oocysts (Figs. 52-54, 61): In chains, end-to-end, with long axis par-
allel to chain axis, but with individual cysts rotated at various angles 
along axis; oblong, irregularly wrinkled, indented, or compressed when 
dry; length 6.6 (4.9-8.5, 0.8, 50); width 3.2 (2.4-4.3, 0.5, 50); thickness 
1.9 (1.3-2.5, 0.3, 50). Ultrastructurally with series of ridges parallel to 
long axis (Figs. 53-54). 
Taxonomic summary 
Host: Palorus subdepressus Wollaston 1864. 
Symbiotype: University of Nebraska State Museum, Entomology Di-
vision collection, vouchers: J. Janovy, Jr., 041-049 (9 pinned adults on 
points); J. Janovy, Jr., 054 (larvae in vial). 
Host records: Palorus subdepressus Wollaston, 1864; larvae; labo-
ratory infections. 
Locality: University of Nebraska Lincoln; School of Biological Sci-
ences, Manter Hall, Lincoln, Nebraska, cultures. 
Infection site: Midgut. 
Specimens: University of Nebraska State Museum, Harold W. Manter 
Laboratory of Parasitology collections; HWML48452 (hapantotype); 
HWML48453-HWML48457 (paratypes). 
Etymology: The specific epithet is derived from that of the type host. 
Remarks 
Although the larva is designated as the stage from which this parasite 
is described, virtually identical parasites are found in adults in the same 
culture. Experimental evidence from this laboratory indicates that un-
infected adults can be infected with G. palori oocysts from gametocysts 
shed by larvae (Detwiler, 2004). The gametocysts are the smaller than 
those of G. confusa, G. cloptoni, and G. minuta, but the oocysts are the 
largest among the 4 Gregarina species described in this article. 
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FIGURES 48-54. Gregarina paiori, n. sp. various stages. (48) Young trophozoite. Bar = 30 IJ.m. (49-50) Mature associated pair, primite and 
satellite, respectively. Bar = 100 IJ.m. (51.), Gametocysts. Bar = 50 IJ.m. (52) Oocyst chain. Bar = 10 IJ.m. (53-54) SEMs of oocysts showing 
longitudinal ridges. Bar = 5 IJ.m in Figures 53- 54. 
EMENDED DESCRIPTION 
Gregarina minuta Ishii, 1914 
(Figs. 62-74) 
Trophozoite (Figs. 62, 69-70): Epimerite elongate globular or slightly 
conical. Protomerite ovoid to broadly ovoid; deutomerite oblong to very 
narrowly oblong. Measurements and correlations between measure-
ments in Table II. 
Gamonts and association (Figs. 63-64, 71-73): Primite: protomerite 
very shallow to broadly ovoid; deutomerite narrow to very narrowly 
oblong. Satellite: protomerite very shallow to broadly ovoid; deutom-
erite narrow to very narrowly oblong. Measurements and correlations 
between measurements in Table II. 
Gametocysts (Fig. 65): Translucent and white when shed, often with 
hyaline space up to 10 IJ.m wide surrounding inner cytoplasmic mass; 
subspherical to broadly ellipsoid, quite variable in size; 76.2 (47.5-
104.6, 16,23) by 72.5 (57.0-90.3, 11.0,23). 
Oocysts (Figs. 66-68, 74): In chains, end-to-end, with long axis par-
allel to chain axis but with individual cysts rotated at various angles 
along axis; oblong, irregularly wrinkled, indented, or compressed when 
dry; length 5.6 (4.4-6.5, 0.4, 50), width 3.4 (3.0-3.8, 0.2, 50), thickness 
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FIGURES 55-61. Gregarina palori, n. sp. (55-57) Trophozoites of different ages, showing globular epimerites. (58) Immature associated pair. 
(59-60) Mature associated pair, primite and satellite, respectively . .c61) Oocyst chain. Figures 55-60, bar = 100 /-Lm; Figure 61, bar = 10 /-Lm. 
1.9 (1.3-2.3, 0.3, 50). Ultrastructurally with series of ridges parallel to 
long axis (Figs. 67-68). 
Taxonomic summary 
Host: Tribolium castaneum (Herbst, 1797) Good, 1936 (= Tr. fer-
rugineum Wollaston, 1854). ~ , 
Symbiotype: University of Nebraska State Museum, Entomology Di-
vision collection, vouchers: J. Janovy, Jr., 011--020 (10 pinned adults 
on points); J. Janovy, Jr., 051 (larvae in vial). 
Host records: Larvae of Tribolium castaneum (Herbst, 1797) Good, 
1936 (= Tr. ferrugineum Wollaston, 1854); larvae; laboratory infec-
tions. 
Locality: University of Nebraska Lincoln; School of Biological Sci-
ences, Manter Hall, Lincoln, Nebraska, cultures. 
Infection site: Midgut. 
Specimens: University of Nebraska State Museum, Harold W. Manter 
Laboratory of Parasitology collections; HWML48458 (hapantotype); 
HWML48459-HWML48463 (paratypes). 
Remarks 
Ishii (1914) described G. minuta from the adults of Tr. ferrugineum, 
a host species now considered synonymous with Tr. castaneum. This 
description actually refers to Figure 2b of Ishii (1914); Figure 2a in the 
Ishii (1914) article is a different species, G. triboliorum, and Figure 2c 
from that article could be a singlet of either species, although it is most 
likely one of G. minuta. (See Watwood et aI. [1997] for resolution of 
the confusion surrounding these 2 species in the same host beetle.) A 
complete discussion of host nomenclatural history is found in Good 
(1936), and the decision to designate larval Tr. castaneum as the type 
host is based on that discussion. Experimental evidence from this lab-
oratory indicates that uninfected adult beetles can be infected with G. 
minuta oocysts from gametocysts shed by larvae (Detwiler, 2004). The 
present description adds the Clopton (1999, 2004a) extended morpho-
metric data set and shape nomenclature; epimerite shape, gametocyst 
and oocyst description, and measurements; and SEM micrographs of 
oocysts to the description. With these measurements and descriptors, 
Gregarina minuta is thus distinguished clearly from G. triboliorum Wat-
wood et aI., 1997, another species found in Tr. castaneum. Gregarina 
triboliorum not only loses the satellite protomerite very early in devel-
opment but also exhibits a finely granular cytoplasm that is easily rec-
ognized as different from the coarser cytoplasm of G. minuta on stained 
smears. The elongate cone-shaped epimerite of G. minuta is fragile near 
the base, and even in Tenebrio saline, its membrane tends to form a 
bubble, evidently from uptake of water. 
Measurements of the emended description are larger than those re-
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FIGURES 62-68. Gregarina minuta, various stages. (62) Young trophozoite. Bar = 30 iJ-m. (63-64) Associated pair, primite and satellite, 
respectively. Bar = 100 iJ-m. (65) Gametocyst. Bar = 50 iJ-m. (66) Oocyst chain. Bar = 25 iJ-m . (67-68) SEMs of oocysts showing longitudinal 
ridges. Bar = 5 iJ-m in Figures 67-68. 
. , 
ported by Ishii (1914) for G. minuta, but Ishii (1914) does not indicate 
whether adult or larval hosts were used in the study, and neither num-
bers of observations and ranges nor ratios suggesting body proportions 
are given. The decision to amend the Ishii (1914) description, rather 
than describe another new species from this same host species, is based 
on the persistent satellite protomerite in the present study material and 
the uncertainty of the number of measurements and their ranges in the 
original description. 
A number of other gregarine taxa have been described from Tr. cas-
taneum, especially by workers in India (e.g., Ghose et aI., 1986; Gupta 
and Haldar, 1987; Ghose and Haldar, 1989; Sengupta et aI., 1991 ; Saha 
et aI., 1995). In general , it is possible to distinguish these genera and 
species from ones reported in this article, but in some cases the dis-
tinctions are not clear. Gregarine descriptions published before Clopton 
(1999, 2004a) do not include all of the measurements and characters 
now commonly used and often do not distinguish between primites and 
satellites. In the case of G. minuta, oocyst shape separates this species 
from all of those described by the Indian workers cited above. 
DISCUSSION 
The major contribution of this article is the provision of a 
described and domesticated system for the study of several spe-
cies of related parasites among a set of congeneric and confam-
ilial host species, all of which are easily maintained in culture. 
Thus, we are in a position to begin asking whether the 2 host 
and parasite phylogenies are congruent, or whether there is ev-
idence for independent acquisition of parasite taxa by host taxa. 
This question is not a particularly new one, nor is it unique to 
co!eopterans and their apicomplexan parasites. With this taxo-
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FIGURES 69-74. Gregarina minuta. (69-70) Trophozoites of differing ages. (71-72) Associated gamonts, showing persistent epimerites. (73) 
Mature associated gamonts. (74) Oocyst chain. Figures 69-73, bar = 100 !Lm; Figure 74, bar = 10 !Lm. 
nomic work, however, one can begin to address the question of 
whether phylogenies constructed after the fact of their origin 
can actually hide attributes that either influenced that origin or 
could constrain a host species list for a particular parasite spe-
cies, thus potentially directing future evolutionary change. For 
example, with the gregarine-flour beetle system, we can deter-
mine experimentally whether a parasite from 1 host species can, 
if given the opportunity, infect related hosts. Multispecies sys-
tems amenable to such experimental exploration of avenues for 
evolutionary change are not common, especially when one con-
siders logistical constraints associated with the potential use of 
many reasonably well-studied taxa as laboratory models (e.g., 
see Snyder and Tkach, 2001; Le6n-Regagnon and Brooks, 
2003; Caira et aI., 2005). 
Anyone familiar with gregarine systematic literature will im-
mediately recognize that the descriptions herein are based at 
least partly on the principle of "new host studied, new parasite 
discovered." This principle has guided gregarine taxonomy for 
many decades and, although it is not necessarily an advisable 
one to follow in all instances (e.g., see Watwood et al., 1997), 
it is an acceptable one in the present case. We contend that with 
respect to gregarines in flour beetles, it is more important at 
this stage in the development of our understanding of gregarine 
biology to have a scientific name, a describer and date, and a 
set of characters consistent with current practice, all in print, 
than it is to engage in years of research, trying to establish 
whether species are valid. Oocyst lengths, widths, and thick-
nesses differ significantly among the described species, and 
there are certainly epimerite shape differences between some of 
the species. With these descriptions, it is now possible to do 
the experimental infection work that could reveal host-induced 
variation; avenues for, and constraints on, colonization; effects 
of host-induced variation in parasite attributes; and possible 
pathogenic effects of parasites in unusual hosts. Most impor-
tant, however, this work now allows us to determine whether, 
within a group of related parasites, generalists (infecting 2 or 
more host species) and specialists (restricted to a single host 
species) occur. Much of this kind of research, however, must 
await appropriate molecular studies on this group of parasites. 
In addition to the above issues regarding gregarine system-
atics, it is also necessary to recognize that gregarine morphol-
ogy is not easy to describe satisfactorily, and indeed, the con-
ventions of measurement may lead a naIve reader astray. The 
growing body of recent taxonomic work by Clopton and co-
workers (Clopton, 1999, 2000, 2004a, 2004b; Clopton et al., 
2004) has done much to resolve this problem, but there is really 
no way to avoid certain descriptive difficulties associated with 
gregarine development. For example, the terms "trophont" or 
"trophozoite" seem to be well-defined ones, but this life-cycle 
stage is so designated because the individual cells are neither 
obviously associated nor otherwise exhibit visual evidence of 
commitment to gametogenesis. Association, again by definition, 
signifies that the cells have become "gamonts" or "gameto-
cytes." But some species are precocious, associating early in 
development, whereas others associate late. Phasing of associ-
ation has been mentioned as a taxonomic character at both the 
generic and family levels (Kula and Clopton, 1999; Clopton, 
2000). The present study suggests that the timing of association 
is variable enough within a group of congeners so that it could 
also be used at even the species level, provided structural fea-
tures map onto developmental ones. However, phasing of as-
sociation could also be influenced by host species and diet, a 
facet of gregarine biology that has yet to be explored but could 
easily be investigated with the flour beetle-gregarine system. 
The oocyst SEMs in this article are also an important con-
tribution to the gregarine literature. From these pictures, we 
discover that oocysts seeming to differ primarily in their out-
lines as viewed from one of the broadest dimensions, especially 
under the light microscope suspended in glycerin, can in fact 
be quite distinct in their surface architecture. The examination 
of oocyst measurements and apparent structure under different 
observational environments also reveals information of use in 
systematics. Insofar as can be determined using light micros-
copy, oocysts of the Gregarina species studied are irregularly 
wrinkled, in addition to being ridged, when observed dry, as 
they would occur in nature. When flooded with glycerin, how-
ever (see Clopton et aI., 1991), these same oocysts appear do-
lioform and relatively smooth. Previous studies also suggest 
that gregarine oocysts are also notoriously uniform in size and 
shape, thus in principle, are good taxonomic characters (elop-
ton et aI., 1991). The present work suggests that measurement 
conditions are of prime importance in assessing the differences 
between taxa in this regard. 
Finally, although all the parasite species described and re-
described in this article are from the larval hosts, in culture, all 
of the adults are also infected with gregarine parasites that are 
generally indistinguishable from thoSe in the larvae. Detwiler 
(2004) showed experimentally that gregarines from all the stud-
ied flour beetle species' larvae will infect their respective spe-
cies' adults but was not able to do the reciprocal crosses be-
cause of logistical constraints. This work will be presented in 
detail in the near future, but, for the present, parasites described 
in the current article should probably be considered ones of 
both adults and larvae of their respective host species. In the 
case of holometabolic hosts, this question of cross-stadial in-
fectivity is an important one because of the Clopton et al. 
(1992) demonstration of host stadium specificity in gregarine 
parasites of the confamilial Tenebrio molitor in contrast to the 
Watwood et al. (1997) experimental demonstration of both 
cross-stadial and cross-specific infectivity in Gregarina tribo-
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liorum from Tr. confusum and Tr. castaneum. Tribolium mad-
ens, also obtained from the USDA Grain Marketing and Pro-
duction Center in Manhattan, Kansas, at the same time as the 
other species used in the present study, has never been infected 
with any gregarines, either in the adult or larval stage, in this 
laboratory. Attempts to infect it with gregarines from other Tri-
bolium species have not been successful, but those studies are 
still in a very preliminary stage. The varying degrees of host 
specificity among gregarines within this group of tenebrionid 
beetles thus adds to the value of the system as material to study 
the mechanisms by which host and parasite lineages develop 
over time. 
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NEW SPECIES OF RHABDIAS (NEMATODA: RHABDIASIDAE) FROM 
BUFO OCCIDENTALIS (ANURA: BUFONIDAE) FROM SIERRA MADRE DEL SUR, MEXICO 
Elizabeth A. Martinez-Salazar and Virginia Leon-Regagnon* 
Laboratorio de Helmintologfa, Instituto de Biologfa, Universidad Nacional Aut6noma de Mexico. Apartado Postal 70-153, 
Coyoacan, Mexico, D.F., 04510. e-mail: eams@ibiologia.unam.mx 
ABSTRACT: Rhabdias kuzmini n. sp" a parasite of the lungs of Bufo occidentalis, is described and illustrated. This Mexican taxon 
differs from the related species in the genus by the possession of 4 lips (2 subdorsal and 2 subventral) and 2 lateral pseudolabia, 
corpus not inflated, a larger barrel-shaped buccal capsule, equatorial vulva, and the presence of a slightly swollen cuticle in the 
anterior and posterior ends of the body. This is the 16th species described in the Neotropical Realm and the first species of 
Rhabdias described from endemic anurans in Mexico. 
Fifty-nine Rhabdias species have been described; 46 species 
were listed by Bursey et al. (2003), 1 species was not consid-
ered in the list, and 12 additional species distributed on Ethi-
opian, Nearctic, Neotropical, Oriental, and Palearctic realms 
were described in recent years (Table I). Nine species of this 
genus have been recorded in Mexico, occurring in the lungs of 
several species of amphibians and reptiles (see Martinez-Sala-
zar, 2006; Martinez-Salazar and Le6n-Regagnon, 2006): Rhab-
dias american us Baker, 1978; Rhabdias elegans Gutierrez, 
1945; Rhabdias ftiellebomi Travassos, 1926; Rhabdias cf. fus-
covenosa (Railliet, 1899) Goodey, 1924; Rhabdias lamothei 
Martinez-Salazar and Le6n-Regagnon, 2006; Rhabdias leonae 
Martinez-Salazar, 2006; Rhabdias ranae Walton, 1929; Rhab-
dias savagei Bursey and Goldberg, 2005; Rhabdias sphaero-
cephala Goodey, 1924; and Rhabdias tobagoensis Moravec and 
Kaiser, 1995. 
Recently, Kuzmin et al. (2007) suggested that the records of 
Bravo-Hollis and Caballero (1940), Brenes and Bravo-Hollis 
(1959), and Kloss (1971, 1974) reported as Rhabdias sphaer-
ocephala from Bufo marinus Linnaeus, 1758 (syn. Chaunus 
marinus Linnaeus, 1758 [see Frost, Grant, Faivovich et al., 
2006; Frost, Grant, and Mendelson, 2006]), from 2 different 
localities of Nicaragua and 3 in Costa Rica, correspond to a 
new species, Rhabdias pseudosphaerocephala Kuzmin, Tkach, 
and Brooks, 2007 based on morphological and molecular data. 
Relying on this evidence, Kuzmin et al. (2007) affirmed that R. 
sphaerocephala is exclusively distributed in the Palearctic 
Realm. 
There are few studies dealing with parasites of amphibians 
and reptiles in the Sierra Madre del Sur (Iimenez-Ruiz et al., 
2003; Martinez-Salazar and Le6n-Regagnon, 2005, 2006; Mar-
tinez-Salazar, 2006). During June and July 2004, an unde-
scribed species of Rhabdias was collected in endemic toads 
from the Sierra Madre del Sur in Guerrero as part of a biodi-
versity inventory of parasites of amphibians and reptiles in 
Mexico. We describe it herein. 
MATERIALS AND METHODS 
From 28 June to 2 July 2004, 13 specimens of Bufo occidentalis were 
collected in 3 localities in the Sierra Madre del Sur, Guerrero: Puerto del 
Balsamo, San Antonio-Ciudad Altamirano Road (l7°58'43"N, 
101°l2'5l''w, 1,790 m), Vallecitos-El Durazno Road (l 7°47 '05''N, 
Received 12 January 2007; revised 29 March 2007; accepted 10 April 
2007. 
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1Ol 007'19''w, 1,619 m), and Vallecitos-Zihuaquio f.YV) Road (l8°02'37''N, 
1Ol0 18'03'W, 1,540 m). Toads were collected by hand and then deposited 
in herpetological bags for transport. Animals were killed by intraperitoneal 
overdose of sodium pentobarbital. Each host was subsequently necropsied, 
and the organs were examined for helminths using a stereoscope. Lung 
worms were initially placed in saline (0.65%); afterwards they were killed 
by immersion in 70% ethanol and stored in 70% ethanol. Nematodes were 
cleared with glycerin in temporary preparations. Drawings were made with 
the aid of a drawing tube. Measurements are given in micrometers unless 
otherwise stated. Minimum and maximum values are given followed by 
mean and SD in parentheses. For scanning electron microscopy (SEM), 
specimens were stored in 4% formalin, dehydrated in a series of gradual 
alcohol, and critical-point-dried. Specimens were coated with a gold-pal-
ladium mixture and examined in a Hitachi S-2460N scanning electron mi-
croscope at 15 kY. 
Voucher specimens of hosts were deposited in the Museo de Zoologfa 
de la Facultad de Ciencias, Universidad Nacional Aut6noma de Mexico, 
Mexico City, Mexico (MZFC, Collects: JAC). Holotype, paratypes, and 
vouchers are deposited in the Colecci6n Nacional de Helmintos 
(CNHE), Instituto de Biologfa, Universidad Nacional Aut6noma de 
Mexico, Mexico City, Mexico, and vouchers in the U.S. National Par-
asite Collection (USNPC), Beltsville, Maryland. 
Specimens of R. americanus Baker, 1987 (USPNC 081011.00, 
089802.00), Rhabdias bufonis (Schrank, 1788) Stiles and Hassall, 1905 
(USPNC 027065), R. elegans Gutierrez, 1945 (USPNC 084920.00), R. 
foellebomi Travassos, 1926 (USPNC 032536.00, 083796.00; CNHE 
3776), R. ranae Walton, 1929 (USPNC 0885986.00), and R. cf. sphaer-
ocephala Goodey, 1924 (CNHE 002057, 002227, 002284) were also 
examined during this study for comparison. 
DESCRIPTION 
Rhabdias kuzmini n. sp. 
(Figs. 1-8) 
Description (on the basis of 40 gravid individuals [measurements on 
15]): Body elongated. Body length 14.15-19.19 (15.95 ± 1.3) mm, 
maximum width 351-542 (399 ± 53). Anterior end truncated, posterior 
end tapered. Body cuticle slightly swollen in anterior and terminal end 
with irregular folds, comparatively thin in mid-body. Oral opening nar-
row, surrounded by 4 submedian weakly developed lips (2 subdorsal 
and 2 subventral), and 2 lateral pseudo labia. Amphids open on outer 
surface of pseudo labia. Each lip bearing a small single papilla on top. 
Buccal capsule barrel-shaped in lateral view, circular in apical view, 
walls sclerotized, 31-70 (58 ± 10) deep, 35-47 (40 ± 3) wide. Esoph-
agus club-shaped, with shorter muscular and longer glandular part. 
Without inflated corpus. Esophagus length 833-1,008 (938 ± 40),4.96-
6.87 (5.91)% of body length. Esophagus width 66--81 (73 ± 4) at an-
terior region of the body, 78-93 (84 ± 3) at muscular region, 78-109 
(88 ± 8) at the glandular region. Posterior bulb 105-132 (116 ± 8) 
wide. Inconspicuous cuticular nerve ring at 302-407 (320 ± 26) from 
the anterior region of the body. Excretory duct short, excretory glands 
indistinct, located near posterior margin of nerve ring. Rectum thick-
walled, straight. Intestine wide and filled with brown and black contents, 
distinguished easily from the internal structures. Vulva near to middle 
body (equatorial vulva or slightly postequatorial), distance from the 
anterior end to vulva 7.47-10.09 (8.41 ± 74) mm, 49-55.96 (52.70)% 
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TABLE I. Species of the genus Rhabdias not listed in Bursey et al. (2003). 
Realm Rhabdias sp. 
Ethiopian 
R. bulbicauda Sarkar 
and Manna, 2004 
R. jarki Lhermitte-
Vallarino and 
Brain, 2004 
R. kongmonthaensis 
Kuzmin, Tkach, 
and Vaughan, 2005 
Nearctic 
R. bakeri Tkach, 
Kuzmin and Pulis, 
2006 
R. tarichae Kuzmin, 
Tkach, and Snyder, 
2003 
Neotropical 
Type host 
Toads 
Lizards 
Frogs 
Frogs 
Salamander 
R. alabialis Kuzmin, Toads 
Tkach, and Brooks, 
2007 
R. kuzmini n. sp. Toads 
R. lamothei Martfnez- Snakes 
alazar and Leon-
Regagnon, 2006 
R. leonae Martfnez- Lizards 
Salazar, 2006 
R. nicaraguensis Bur- Lizards 
sey, Goldberg, and 
Vitt, 2007 
R. pseudosphaerocepha Toads 
la Kuzmin, Tkach, 
and Brooks, 2007 
R. savagei Bursey and Frogs 
Goldberg, 2005 
Oriental 
R. japalurae Kuzmin, 
2003 
Palaearctic 
R. vibakari Kuzmin, 
1996 
Lizards 
Snakes 
. , 
Length (mm) 
12.24-12.8 
11.8-12.3 
6.47-12.27 
6.22-10.692 
7.38-9.26 
7.67-9.27 
(7.97) 
14.56-19.19 
(16.49) 
2.51-343 (2.83) 
11.44-15.06 
(12.65) 
6.6-7.2 (6.9) 
6.17-9.60 
(7.90) 
4.5-5.3 
12.42-16 
1. 7-2.3 (2.0) 
Lip structure Vulva position 
Not stated Pre-equatorial 
4 lips Equatorial 
4 submedian Postequatorial 
lips + 2 lateral 
pseudolabia 
4 submedian Postequatorial 
lips + 2 lateral 
pseudolabia 
2 pseudolabia Equatorial 
Absent Equatorial 
4 submedian Equatorial 
lips + 2 lateral 
pseudolabia 
6 lips Equatorial 
4 lips Postequatorial 
6 lips Equatorial 
4 submedian Equatorial 
lips + 2 lateral 
pseudolabia 
4 lips Postequatorial 
6.J.ips Equatorial 
6 lips Equatorial 
Taxonomic summary 
Egg size (/Lm) 
80-96 X 32-48 
(diameter) 
125-138 X 70-80 
Not stated 
50-61 X 94-113 
120-137 X 77-87 
92-105 (98.2) X 52-57 
(54.6) 
108-120 (113) X 50-58 
(54) 
34-65 (53) X 27-58 
(33) 
100-116 (106) X 50-58 
(54) 
95-104 (99) X 52-61 
(54) 
Not stated 
80-92 X 46-55 
112-115 X 55-65 
40-42 X 56-64 
Esophagus (/Lm) 
640-880 
1,300-1,500 
530-630 
521-590 
355-400 
340-445 
(389) 
670-1065 
(991) 
255-317 
(289) 
670-751(697) 
573 
400-460 
(410) 
366-415 
1,210-1,530 
202-267 
(251) 
of body length. Vulva lips indistinct. Tail comparatively short, conical, 
271-380 (308 ± 27) long, 1.68-2.37 (1.93)% of body length, with sharp 
terminal point. Genital system amphidelphic, with approximately equal 
limbs. Ovaries straight, lying along intestine. Uteri filled with numerous 
eggs, oval, thin-walled containing larvae. Egg size 93-112 (103 ± 5) 
X 47-58 (51 ± 4). 
Type specimens: Holotype, hermaphrodite, CNHE 5807; paratypes 
CNHE 5808-5809; and vouchers CNHE 5810-5811, USNPC 
09955.00. 
Type host: Bufo occidentalis Camerano 1879, symbiotype MZFC 
FIGURES 1-6. Rhabdias kuzmini n. sp., parasite of Bufo occidentalis from Sierra de Madre del Sur: Puerto del Balsamo, San Antonio-Ciudad 
Altamirano Road, Guerrero, Mexico (1, 2, 4, 5, and 6, holotype; 3, paratype). 1. Anterior end, lateral view. 2. Cephalic end, lateral view. 3. 
Cephalic end, apical view. 4. Vulva region, lateral view. S. Tail end, lateral view. 6. Eggs, lateral view. Scale bar values are given in millimeters. 
FIGURES 7-8. Scanning electron microphotographs of Rhabdias kuzmini n. sp., details of the external morphology. 7. Cephalic end, apical 
view (lips structure are shown). 8. Tail, ventral view. Scale values are given micrometers. 
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TABLE II. Comparison of morphometry in some Rhabdias spp. 
Species R. kuzmini n. sp. R. alabialis R. africanus R. americanus R. androgyna R. bakeri 
Reference Present study Kuzmin et aI., Kuzmin,2001:j: Kuzmin et aI., Kloss, 1971 Tkach et al., 
2007t 2003 2006t 
Host Bufo occidentalis Bufo marinus Bufo maculatus Bufo americanus Bufo typhonius Rana sylvatica 
Realm Neotropical Neotropical African N eotropical Neotropical Nearctic 
Lips structure 4 submedian lips 4 submedian 4 submedian lips 4 submedian lips Not stated 4 submedian lips 
+ 2 lateral lips + 2 lat- + 2 lateral + 2 lateral + 2 lateral 
pseudolabia eral pseudo- pseudolabia pseudolabia pseudo labia 
labia 
Body length 14.15-19.19 7.67-9.27 12.45-19.80 10.74-14.14 9.35-13.39 6.22-10.69 
(mm) (15.95) (7.97) (16.44) (12.46) (11.31) (9.27) 
Body width 351-542 (399) 260-328 (315) 300-450 (377.5) 210-310 Not stated 225-406 (319) 
Buccal capsule 31-70 (58) 10-10 (10) 15-20 (17.7) 10 Not stated 8-12 (11) 
depth 
Buccal capsule 35-47 (40) 10-15 (12) 20-23 (21.5) 12-15 (13) Not stated 16-18 (17) 
width 
Esophagus 833-1,008 (938) 340-445 (389) 575-710 (631.9) 770-870 (804), 577-618 (604), 521-590 (563) 
length inflated corpus inflated corpus 
Esophagus 4.96-6.87 (5.91) 4.2-5.2 (4.6) 3.5-4.7 (3.9) 5.8-7.3 (6.5) 4.39-6.6 (5.47) 5.4-8.8 (6.1) 
length com-
pared with 
body length* 
Anterior end 66-81 (73) 32-37 (35) 45-50 (49.1) 37-42 (40) Not stated 32-41 (38) 
esophagus 
width 
Muscular 78-93 (84) 37-45 (37) 38-50 (41) 50-57 (52) Not stated 39-49 (44) 
esophagus 
width 
Glandular 78-109 (88) 32-35 (32) 40-60 (47.9) 45-50 (48) Not stated 31-44 (40) 
esophagus 
width 
Bulb width 105-132 (116) 57-70 (65) 65-80 (73.1) 75-90 (82) Not stated 50-72 (59) 
Position of the 49-55.96 47.2-51.8 46.8-49.7 (47.8) 47.9-52.2 (50.3) 44.11-52 (47.45) 54.6-60.9 
vulva com- (52.70) (49.4) (55.4) 
pared with 
body length* 
Tail length 271-380 (308) 278-328 (303) 250-400 (331.3) 450-550 330-412 (371) 209-336 (290) 
Tail length 1.68-2.37 3.1-3.8 (3.5) 1.6-3.2 (2.1) 3.3-4.5 (4.0) 2.77-3.67 (3.32) 2.6-4.2 (3.1) 
compared (1.93) 
with body 
length* 
Egg length 93-112 (103) 92-105 (98.2) 110-120 102-114§ Not stated 94-113 
Egg width 47-58 (51) 52-57 (54.6) 60-75 54-65§ Not stated 50-61 
* Expressed as percentage. 
t Measurements of the paratypes followed by the holotype in parentheses. 
:j: Measurements of the paratypes. 
§ Measurements based on Baker (1978). 
II Measurements based on specimens from MontevIdeo, Uruguay. 
# Data based on Kloss (1974). 
'I! At its widest point. 
17653, and vouchers MZFC 17628, 17635, 17638, 17644, 17657, and 
17659. JAC 25068, 25070, 25188, and 25273. 
Prevalence and intensity of infection: Eleven of 13 hosts infected 
(84.6%); 5.6 in intensity. 
Synonymized with Ollotis occidentalis Camerano 1879 (Bufonidae), 
see Frost, Grant and Mendelson, 2006. 
Type locality: Sierra Madre del Sur: Puerto del Balsamo, San Anto-
nio-Ciudad Altamirano Road, Guerrero, Mexico (17°58'43"N, 
101°12'51"W, 1,790 m). 
Other localities: Vallecitos-El Durazno Road (17°47'05"N, 
101°07'19"W, 1,619 m) and Vallecitos-Zihuaquio (W) Road, Guerrero, 
Mexico (18°02'37"N, 101°18'03"W, 1,540 m). 
Site of infection: Lungs. 
Etymology: The new species is named for Dr. Yuriy Kuzmin, for his 
contributions to the study of the Rhabdiasidae. 
Remarks 
Rhabdias kuzmini n. sp. belongs to the general group of species that 
possesses 4 submedian lips or "protuberances" (see Baker, 1978) and 
2 lateral pseudolabia (see Kuzmin, 2001; Kuzmin et aI., 2005), namely, 
R. ranae Walton, 1930, R. americanus Baker, 1978, Rhabdias africanus 
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TABLE II. Extended. 
R. elegans R. fuelleborni R. hermaphrodita 
Kloss, 197111 Travassos, 1926 Kloss, 1971 
Bufo arenarum Bufo marinus Bufo crucifer 
Neotropical Neotropical Neotropical 
Not stated 6 lips Not stated 
8.07-10.25 10-12 4.07-11.56 
(9.59) (7.65) 
270-357# 470-480 Not stated 
7# 9# Not stated 
7# 9# Not stated 
439-577 450-500, inflat- 268-663 (463) 
ed corpus 
4.73-5.62 4.5-4.16 4.33-9.17 
(5.19) (6.08) 
Not stated Not stated Not stated 
42-59#'j[ 1O'1l Not stated 
Not stated Not stated Not stated 
Not stated Not stated Not stated 
45.4-50.4 47.5-50 42.25-55.26 
(48.94) (48.99) 
330-412 (312) 370-420 247-492 (328) 
3.25-4.59 3.5-3.7 2.5-6.57 (4.26) 
(4.98) 
Not stated 125 Not stated 
Not stated 80 Not stated 
Kuzmin, 2001, Rhabdias kongmonthaensis Kuzmin, Tkach, and 
Vaughan, 2005, Rhabdias bakeri Tkach, Kuzmin, and Pulis, 2006, and 
R. pseudosphaerocephala Kuzmin, Tkach, and Brooks, 2007. All of 
them are typical parasites of anurans. 
Rhabdias kuzmini n. sp. differs from R. ranae, R. kongmonthaensis, 
and R. bakeri in that those species present a postequatorial vulva vs. an 
equatorial or rarely slightly postequatorial vulva in R. kuzmini n. sp. 
(see Table II). 
Additionally, R. kuzmini n. sp. differs from R. ranae in the body size, 
size of the buccal capsule, which is larger in R. kuzmini n. sp., in the 
shape of the buccal capsule (funnel-shaped vs. barrel-shaped in R. kuz-
mini), and the cuticular swelling along the body (absent in R. ranae vs. 
slightly swollen in R. kuzmini); the taillength/body length ratio is small-
er in R. kuzmini, and the esophagus and posterior bulb are wider in R. 
kuzmini than in R. ranae (see Kuzmin et aI., 2003, and Table II). 
Rhabdias kuzmini n. sp. differs from R. kongmonthaensis by the 
esophagus length, larger in R. kuzmini, in their host group (R. kuzmini 
parasitizes toads [Bufonidae], whereas R. kongmonthaensis parasitizes 
R. kongmonthaensis R. ranae R. pseudospherocephala 
Kuzmin et aI., 2005:1: Kuzmin et aI., Kuzmin et aI., 2007', 
2003 
Polypedates leuco- Rana pipiens Bufo marinus 
mystax 
Ethiopian Nearctic Neotropical 
4 submedian lips + 2 4 submedian lips 4 submedian lips + 2 
lateral pseudolabia + 2 lateral lateral pseudolabia 
pseudolabia 
6.47-12.27 (9.7) 4.99-8.24 6.17-9.60 (7.90) 
(6.61) 
200-300 (251) 250-350 (299) 290-380 (330) 
10-15 (12) 7-10 (9.7) 7-12 (10) 
12-15 (14) 12-15 (14) 15-17 (17) 
530-630 (589) 500-620 (571) 400-460 (410) 
5.1-8.8 (6.3) 7.3-11.2 4.4-6.5 (5.2) 
(8.7) 
32-35 (34) 30-35 (32) 35-40 (37) 
40-55 (44) 40-50 (44) 40-50 (42) 
32-42 (38) 35-42 (40) 35-42 (37) 
57-77 (66) 45-62 (53) 67-85 (72) 
51.6-57.0 (54.4) 55.6-67.1 47.5-53.4 (49.7) 
(62.7) 
180-250 (217) 250-330 (290) 310-410 (350) 
1.9-3.1 (2.3) 3.7-5.4 (4.4) 3.7-5.0 (4.4) 
Not stated 82-107 (97) Not stated 
Not stated 37-55 (47) Not stated 
frergs [Rhacophoridae]) and in their geographical distribution, which is 
considerably isolated (R. kongmonthaensis is distributed in the Oriental 
Realm). Additionally, R. kuzmini n. sp. presents a larger buccal capsule 
compared with R. kongmonthaensis (Kuzmin et aI., 2005; Table II). 
The body size and buccal capsule size in R. kuzmini n. sp. are larger 
than in R. bakeri; those species differ in the shape of the buccal capsule 
(barrel-shaped in R. kuzmini vs. funnel-shaped in R. bakeri) and in the 
cuticular swelling (less prominent in R. bakeri); the esophagus and pos-
terior bulb are wider in R. kuzmini, and tail length/body length ratio is 
larger in R. bakeri (Tkach et aI., 2006; Table lI). 
Rhabdias africanus can be distinguished from R. kuzmini n. sp. by the 
presence of a pre-equatorial vulva; by esophagus length and buccal capsule 
size (larger in R. kuzmini); in egg width, which is smaller in R. kuzmini; 
and by the geographical distribution, the Neotropical Realm vs. the Ethi-
opian Realm in R. africanus (Kuzmin et al., 2005; Table II). 
Our specimens have an equatorial vulva, resembling R. americanus. 
Both species are typical of toads; however, that species differs from R. 
kuzmini n. sp. mainly in the dimensions and shape of the buccal capsule 
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(smaller and funnel-shaped in R. americanus vs. larger and barrel-
shaped in R. kuzmini), in the shape of anterior end (rounded vs. trun-
cated in R. kuzmini), in the tail lengthlbody length ratio (larger in R. 
americanus), and in the esophagus and posterior bulb width (smaller in 
R. americanus) (Kuzmin et aI., 2003; Table II). 
Six of the 15 described neotropical species of the genus are consid-
ered to be typical of toads (see Bursey et al., 2003; and Table I): Rhab-
dias alabialis Kuzmin, Tkach, and Brooks, 2007, Rhabdias androgyna 
Kloss, 1971, R. elegans, R. fiielleborni, Rhabdias hermaphrodita Kloss, 
1971, and Rhabdias pseudosphaerocepha [previously considered as R. 
sphaerocephala from B. marinus in Mexico and Central and South 
America (Kuzmin et aI., 2007)]. Additionally, I Nearctic species typical 
of toads has been recorded in Mexico, R. americanus. The differences 
of R. kuzmini with this latter species have been detailed above. 
Rhabdias alabialis differs from R. kuzmini n. sp. principally by the 
absence of lips in R. alabialis, in buccal capsule shape (triangUlar vs. 
barrel-shape in R. kuzmini), and in body size (larger in R. kuzmini) 
(Kuzmin et aI., 2007; Table II). 
The body size and the esophagus length are larger in R. kuzmini n. 
sp. than in R. androgyna and R. hermaphrodita; the tail lengthlbody 
length ratio is smaller in R. kuzmini. Lip structure was not described in 
either of those species (Table II). 
Rhabdias kuzmini n. sp. differs from R. fiielleborni principally by the 
presence of 6 lips in that species (vs. 4 lips and 2 lateral pseudolabia 
in R. kuzmini); the body is larger in R. kuzmini, there are pre-equatorial 
vulva in R. fiielleborni (vs. equatorial in R. kuzmini), and the esophagus 
is larger in R. kuzmini (Travassos, 1926; Table II). 
Rhabdias elegans differs from R. kuzmini n. sp. in the dimensions of 
body, larger and wider in the new species; also, the buccal capsule is wider 
in R. kuzmini. The lip structure was not described in R. elegans (Gutierrez, 
1945). Rhabdias elegans was originally described from Bufo arenarum 
Gallardo, 1964 (syn. with Chanus arenarum Hansel, 1867) from La Plata, 
Argentina (Gutierrez, 1945); howeveJ; the Mexican record is from Lepto-
dactylus melanonotus Hallowell, 1861 (Goldberg et al., 2002). It is possible 
that R. elegans is not present in Mexico and specimens from L melanon-
otus correspond to a different species. Unfortunately, the Mexican speci-
mens are not available for re-examination, since they were never deposited 
in a museum collection (Goldberg et al., 2002). 
Rhabdias kuzmini n. sp. differs from R. pseudospherocephala (= R. 
spherocephala from B. marinus from Mexico, Central America, and 
South America; see Kuzmin et aI., 2007) in the dimensions of the body, 
larger and slightly wider in R. kuzmini; in the shape of the buccal cap-
sule, which is smaller and funnel-shaped in R. pseudospherocephala 
(vs. barrel-shape in R. kuzmini); and the taillengthlbody length ratio is 
larger in R. pseudospherocephala (Kuzmin et aI., 2007; Table II). 
DISCUSSION 
The relative host specificity of this parasite genus has been 
a controversial issue (Tkach et aI., 2006). Host preference could 
be narrower than traditionally suggested; it has been recently 
observed that the same Rhabdias species is rarely found in rep-
resentatives of different families of amphibians (Bursey et al., 
2003; Kuzmin et aI., 2001, 2005; Martinez-Salazar, 2006; Mar-
tinez-Salazar and Le6n-Regagnon, 2066). However, it is pos-
sible to find 1 species of Rhabdias parasitizing several host 
species of the same family, i.e., R. bakeri has been recorded in 
Rana sylvatica LeConte, 1825 (syn. with Lithobates sylvaticus 
LeConte, 1825 [see Frost, Grant, Faivovich et aI., 2006]) and 
Rana pipiens Schreber, 1782 (syn. with Lithobates pipiens 
Schreber, 1782 [see Frost, Grant, Faivovich et aI., 2006]); R. 
africanus parasitizes Bufo maculatus Laurent, 1972 (syn. with 
Amietophynus maculatus Hallowell, 1854 [see Frost, Grant, Fai-
vovich et al., 2006]) and Bufo garmani Meek, 1897 (syn. with 
Amietophynus garmani Meek, 1897 [see Frost, Grant, Faivov-
ich et al., 2006]). In the case of R. kuzmini, we found it in a 
Mexican endemic bufonid, B. occidentalis (syn. with O. occi-
dentalis [see Frost, Grant, and Mendelson, 2006]), but it is pos-
sible that R. kuzmini parasitizes other Bufonids as well. Bufo 
occidentalis is an endemic anuran distributed in the Central 
Mexican Plateau, from eastern Jalisco and Michoacan in the 
west of the country to northwestern Guerrero and Oaxaca in 
the south. To our knowledge, there are no previous helminth 
records for B. occidentalis in Mexico. 
Rhabdias kuzmini was found at high elevations, ranging from 
1,619 to 1,790 m in the Sierra Madre del Sur. This zone shows 
one of the highest species richness for amphibians and reptiles 
in Mexico (Flores-Villela, 1998; Campbell, 1999). However, the 
Sierra Madre del Sur is largely unexplored for parasites. We 
anticipate that the richness in the Sierra Madre del Sur is much 
larger than observed in other regions for Rhabdiasidae and oth-
er helminth parasites of amphibians as well. 
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TWO NEW SPECIES OF ASCAROPHIS (NEMATODA: CYSTIDICOLIDAE) IN MARINE 
FISHES FROM CHILE 
Gabriela Munoz and Mario George-Nascimento* 
Universidad de Valparaiso, Facultad de Ciencias del Mar y de Recursos Naturales, Casilla 5080, ReFiaca, ViFia del Mar, Chile. 
e-mail: gabriela.munoz@uv.cl 
ABSTRACT: In this study, we describe 2 new species of Ascarophis van Beneden, 1871 (Nematoda: Cystidicolidae), found in 
fishes from southern Chile. Ascarophis carvajali n. sp. was found in Austrolycus depressiceps and Patagonotothen cornucola, 
whereas Ascarophis draconi n. sp. was taken from Champsocephalus gunnari. These new Ascarophis species differ from other 
species in a combination of several morphometric and morphological characteristics. Although A. carvajali n. sp. was morpho-
logically close to Ascarophis minuta, the new species has a larger ratio between glandular and muscular esophagus, filaments on 
both egg poles, and a shorter right spicule than A. minuta. Ascarophis draconi n. sp. was morphologically similar to Ascarophis 
adioryx and Ascarophisfiliformis. However, A. adioryx has eggs without filaments, a smaller ratio between glandular and muscular 
esophagus length, and a smaller ratio between left and right spicule lengths in contrast to A. draconi n. sp., whereas A. filiformis 
has a shorter glandular esophagus and left spicule length than A. draconi n. sp. Only I Ascarophis species has been recorded in 
a single fish from Chile (i.e., Ascarophis sebastodis in Sebastes capensis). Consequently, this study constitutes not only new 
species and records of Ascarophis in fishes from Chile, but also new records for the Pacific coast of South America. 
Ascarophis van Beneden, 1871, is a cosmopolitan group of 
nematodes that inhabit marine fishes from Antarctic to Arctic 
waters, as well as from littoral, demersal, and pelagic habitats. 
In addition, this genus contains the largest number of species 
within the Cystidicolidae, Fifty-two species have been de-
scribed, although some of them have been placed in other gen-
era, and others have been considered as inquierendae species 
(Ko, 1986). In the Ko (1986) monograph regarding species of 
Ascarophis, an emended diagnosis of the genus and taxonomic 
revisions of several species were provided. Moreover, in that 
study, 22 species were considered valid. Some species were not 
included in that monograph, whereas others were subsequently 
described; thus, it is likely that the number of valid species has 
increased. Since Ko's (1986) study, there has been a great effort 
to produce better quality studies than in the past. Nonetheless, 
there is still a great deal of confusion in the taxonomy of As-
carophis spp. because of insufficient descriptions for several 
species. 
Cystidicolid nematodes in Chile seem to be relatively cqm-
mon parasites from fishes (Munoz et aI., 2004), after anisakids 
(Fernandez and Villalba, 1985). Cystidicolids have, for exam-
ple, been found in 12 fish species (Torres et aI., 1990, 1992; 
Balboa and George-Nascimento, 1998; Gonzalez and Acuna, 
2000; Munoz and George-Nascimento, 2001; Munoz et aI., 
2001, 2004). However, only 4 species have been identified 
(Gonzalez and Acuna, 2000; Munoz aMd George-Nascimento, 
2001; Munoz et aI., 2004). Despite the fact that Ascarophis spp. 
is a large and widespread group of nematodes, only 1 species 
has been recorded (i.e., Ascarophis sebastodis Olsen, 1952) in 
the fish Sebastes capensis (Gmelin, 1789) (see Gonzalez and 
Acuna, 2000), plus some unidentified Ascarophis that have 
been reported in other fishes (Balboa and George-Nascimento, 
1998; Munoz et aI., 2001). Hence, our main objective in this 
Received 20 December 2006; revised 3 February 2007; 22 March 
2007; accepted 2 April 2007. 
* Universidad Cat6lica de la Santfsima Concepci6n, Facultad de Cien-
cias, Departamento de Ecologia Costera, Casilla 297, Concepci6n, 
Chile. 
study is to describe 2 new species of Ascarophis from fish spe-
cies of Chile. 
MATERIAL AND METHODS 
Ascarophis nematodes were found in 3 fish species: Austrolycus de-
pressiceps Regan, 1914; Champsocephalus gunnari Lonnberg, 1905; 
and Patagonotothen cornucola (Richardson, 1833), which were col-
lected from Punta Arenas (54°S, 7] OW), southern Chile, in February 
2001. Nematodes were fixed in 10% buffered formalin and cleared in 
chlorolactophenol for observation. Measurements and drawings were 
performed directly under light microscopy. The prevalence and abun-
dance of nematodes were calculated according to Bush et al. (1997). 
Thirty-two nematodes from these 3 fish species were considered in 
this study. Morphometry of nematodes was measured in microns (/Lm) 
unless otherwise stated. Ratio between morphometric characteristics 
such as left spicule/right spicule (LS/RS), glandular esophagus/muscular 
esophagus (GEIME), and vulva position from posterior end/body length 
calculated as a percentage were also included. 
Morphological distinctions on the cephalic and caudal regions of the 
nematodes were observed through scanning electron microscopy 
(SEM). Two or 3 female and male individuals from each host species 
were used for this purpose. Specimens were dehydrated through an 
alcohol series and critical point-dried in CO2 with a Balzers Union 
machine (Laboratory of Electronic Microscopy, Universidad de Con-
cepci6n, Concepci6n, Chile). They were then sputter-coated with gold, 
making a layer of 500 A, with a model Edwards Sputter Coater Sl50 
(Laboratory of Electronic Microscopy, Universidad de Concepci6n, 
Concepcion, Chile). Finally, they were examined with an Etec-Autoscan 
scanning electron microscope (Laboratory of Electronic Microscopy, 
Universidad de Concepci6n, Concepci6n, Chile). 
DESCRIPTION 
Ascarophis draconi n. sp. 
(Table I, Figs. 1-11) 
General: Filiform worms. Cuticular striations well defined from an-
terior end to tail (Fig. 1). Four cephalic papillae located ventrolaterally 
and dorsolaterally. Oral opening dorsoventrally elongated (Fig. 2). Two 
pseudolabia, each with anterior protrusion of conical shape (Fig. 5). 
One side of base of each pseudo labium connected to buccal wall; other 
side exhibits a projection toward central oral opening. This projection, 
wider than pseudolabium base, in shape of a T from an apical view. 
Four wide submedial labia, each located on a central and dorsal quad-
rant of oral opening (Fig. 2). Four thin sublabia connected to buccal 
wall beneath each submedial labia. Under each pseudolabial midpro-
jection is a structure similar in aspect to sublabia (Fig. 2). Amphids 
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TABLE I. Range of values (!-Lm, unless otherwise stated) for morphological and morphometric characteristics of males and females of Ascarophis 
draconi n. sp. in the fish Champsocephalus gunnari. 
Nematode characteristic 
Specimens 
Body length (mm) 
Body width 
Vestibule 
Position of nerve ring* 
Muscular esophagus 
Glandular esophagus (mm) 
Excretory pore* 
Deirids 
Anus:j: 
Left spicule 
Right spicule 
Pairs of preanal papillae 
Pairs of postanal papillae 
Terminal knob 
Position of vulva (mm):j: 
Egg length 
Egg width 
Polar egg filaments 
* Distance from anterior extremity. 
t Variable measured in only I specimen. 
:j: Distance from the posterior extremity. 
Male 
6 
9.88-13.25 
70-113 
175-250 
225-283 
357-460 
2.70-3.47 
238-347 
197t 
118-175 
482-640 
93-125 
4 
6 
lateral to pseudolabia. Oral opening followed by vestibule (also called 
buccal cavity or stoma in other studies) and esophagus (muscular and 
glandular portions). Nerve ring close to beginning of muscular esoph-
agus (Fig. 6). Excretory pore posterior to nerve ring. Deirids simple 
and small papillae, located between beginning of muscular esophagus 
and nerve ring (Fig. 6). 
Male (6 individuals); Absolute measurements in Table I. Glandular 
esophagus 7.4-9.2 times longer than muscular portion. Posterior portion 
of body usually coiled (Figs. 3, 7, 8). Right spicule slightly arched shape 
(Fig. 7). Left spicule 4.5-7.2 times larger than right one (Table I, Fig. 
7). Most caudal papillae pedunculated (except the last 2 pairs). Four 
pairs of preanal papillae and 6 pairs postanal papillae. One papilla non-
pedunculated, morphologically similar to last 2 pairs of postanal papil-
lae. Unpaired papillae located between sixth pair of postanal papillae 
(Fig. 4). Phasmids close to the fifth and sixth pairs of postanal papillae 
(Fig. 4). Caudal alae narrow, supporting caudal papillae (Fig. 8). Cutic-
ular elevations of area rugosa long and plain. Area rugosa distribution 
420-750 (Figs. 3, 9). 
Female (8 gravid individuals); Absolute measurements in Table I. 
Larger and wider than male specimens. Glandular esophagus 6.2-9.9 
times longer than muscular portion. Didelphic and amphidelphic uterus. 
Anterior ovary located at third anterior portion of body, quite posterior 
to glandular esophagus. Posterior ovary some distance to anus (Fig. 10). 
Vulva approximately located in third po~tyrior portion of body (29.7-
45.0% of body length). Embryonated eggs bearing knob at each pole 
with 2 filaments (Fig. II). 
Taxonomic summary 
Type host; Champsocephalus gunnari Lonnberg, 1905 (Channi-
chthyidae ). 
Host body length (cm); 24.0-38.3. 
Type locality; Punta Arenas (54°00'S, 71°00'W), Chile. 
Habitat of the host; Pelagic. 
Site of infection; Intestine. 
Prevalence and abundance; Prevalence 74.4%, mean abundance 5.7 
individuals from 39 host specimens examined, and mean intensity 7.6 
individuals from 29 fish parasitized. 
Etymology; The specific name of this species relates to the vernacular 
name of the host (i.e., "draco"). 
Deposition of specimens; Museo Nacional de Historia Natural, Chile: 
Female 
8 
20.90-28.63 
140-200 
168-205 
200-283 
425-525 
3.23-4.20 
360-435 
213t 
53-113 
Most of them 
8.08-11.33 
47-50 
22-25 
Two filaments on each polar egg 
MNHNCL #11660 (paratypes), U.S. National Parasite Collection, 
USNPC-99672 (voucher specimens). 
Remarks 
Ascarophis draconi n. sp. differs morphometric ally from several As-
carophis species (Table II). This new species was closest to Ascarophis 
adioryx Machida, 1981, and Ascarophis filiformis Polyansky, 1952. 
Only females of Ascarophis japonica Zhukov, 1960, and Ascarophis 
holocentri Parukhin, 1984, and males of Ascarophis parupenei Mora-
vec, Orecchia, and Pagi, 1988; Ascarophis distorta Fusco and Over-
street, 1978; and Ascarophis curvicauda Zhukov, 1960, were close to 
A. draconi n. sp. 
The buccal structure of A. draconi n. sp. was similar only to A. 
adioryx; wide submedial labia were clearly distinct because of furrows 
and small structures underneath pseudo labial projections and submedial 
labia. Those characteristics are not common in most Ascarophis species. 
Body length of A. draconi n. sp., principally of females, is double the 
length of A. adyoryx. Nevertheless, the vestibule length of A. draconi 
n. sp. is shorter than A. adioryx. Moreover, these species differ in egg 
filament arrangement: A. adioryx eggs are without filaments. The left 
spicule length of A. draconi n. sp. and A. adioryx have similar ranges 
(T&ble II), even though the body lengths differ; the right spicule length 
is larger in A. adioryx than in A. draconi n. sp. (Table II). Thus, the 
LSIRS ratio is larger in A. draconi n. sp. (Table II). 
The nerve ring and vulva of A. draconi n. sp. are more posterior in 
position, and there is a longer glandular esophagus; females have longer 
tails than in A. filiformis (Polyansky, 1952; Appy, 1981; Table II). Also, 
A. draconi n. sp. has a larger spicule length than A. filiformis, even 
though males of these 2 species are similar in body lengths (Table II). 
There are 4 pairs of preanal and 5 postanal caudal papillae in A. fili-
formis according to Polyansky (1952) and 4 and 6 pairs, respectively, 
according to Appy (1981). Ascarophis draconi n. sp. has 4 pairs of 
preanal and 6 pairs of postanal papillae and unpaired papilla between 
the sixth postanal pair, which is unusual in any other Ascarophis spe-
cies. However, some species of Cystidicolidae have shown an unpaired 
caudal papilla (e.g., Moravec, 1996), whereas other species have oc-
casionally exhibited an unpaired caudal papilla (e.g., Moravec and Na-
gasawa, 1999). The unpaired papillae on A. draconi n. sp. were ob-
served in a few individuals by light microscopy and SEM, but it is 
TARLE II. Some morphometric characteristics of 28 Ascarophis species, * including the new species, and bibliographic sources are shown. Species organized by egg filament arrangements 
and then by left spicule length. All ratios were calculated between minimum values only and between maximum values only to obtain the range. 
Species 
A. distorta 
A. adioryx 
A. parupenei 
A. upenei 
A. crassicollis 
A. brasiliensis 
A. holocentri 
A. mexicana 
A. morrhuae 
A. capelanus 
A. exalticola 
A. japonica 
A. minuta 
A. epinepheli 
A. slankisi 
A. sebastodis§ 
A. longispicula 
A. arctica§ 
A. litoralica 
A. draconi n. sp. 
A. pontica 
A. curvicauda 
A. nototheniae 
A. mullusi 
A. filiformis§ 
A. pacifica 
Bibliographic source 
Fusco and Overstreet (1978) 
Machida (1981) 
Moravec et al. (1988) 
Parukhin (1978) 
Dollfus and Campana-Rouget 
(1956), Rahman (1965) 
Magalhaes-Pinto et al. (1984) 
Parukhin (1984) • 
Moravec et al. (1995) 
Ko (1986) 
Naidyonova and Nikolaeva (1968) 
fide Ko (1986) 
Appy (1981) 
Zhukov (1960) 
Ko (1985) 
Wang (1984) 
Solov' eva (1987) 
Olsen (1952), Ko (1986) 
Zhukov (1960) 
Appy (1981), Fagerholl1} and Ber-
land (1988) 
Zhukov (1960) 
This study 
Nicolaeva (1970) 
Zhukov (1960) 
Ko (1986) 
Naidyonova and Nikolaeva (1968) 
Zhukov (1960), Appy (1981) 
Zhukov (1960) 
A. carvajali n. sp. This study 
A. ayalai Gonzales-Solis et al. (2002) 
Body 
length (mm) 
9.5-11.4 
7.0-9.0 
6.7-8.3 
6.0-7.1 
3.5-3.9 
10.7-12.9 
13.5 
3.3-4.1 
5.1-7.2 
3.6-5.8 
4.0-6.3 
6.4-9.2 
3.0-6.5 
5.g 
3.9-4.6 
5.1 
5.2-7.5 
5.7-8.7 
4.3-5.1 
9.8-13.2 
4.2-9.8 
8.3-10.0 
6.4-10.8 
5.9 
9.0-14.7 
6.3-10.2 
5.2-7.2 
3.0-4.7 
Left spicule 
(fLm) 
624-662 
530-610 
533-600 
450-580 
385-410 
360-380 
2,300 
1,580-2,050 
740-790 
375-403 
276-359 
272-305 
183-250 
175 
156-268 
135 
824-1,015 
595-980 
590-670 
482-640 
360-495 
354-476 
322-395 
322 
250-390 
270-310 
170-305 
122-141 
Males 
Ratio 
LS/RS 
5.2-6.8 
3.6-3.8 
3.5-3.5 
4.1-5.2 
3.0-4.0 
1.7-1.8 
19.2 
8.5-10.5 
7.7-7.9 
4.2-4.3 
4.5-4.3 
3.7-3.8 
3.1-3.7 
2.6 
2.6-3.8 
2.8 
7.9-8.9 
7.0-10.0 
7.1-7.7 
4.5-7.2 
4.7-5.9 
3.4-4.2 
3.4-3.9 
5.1 
3.0-3.6 
2.9-3.1 
2.7-3.6 
2.6-2.7 
Ratio 
GEIMS 
4.6-4.9 
4.0-4.6 
12.9-14.3 
5.3-5.4 
5.4-5.4 
1.2-1.4 
3.7 
4.5-5.7 
5.1-8.2 
4.02-5.7 
4.6-5.6 
5.9-6.8 
3.4-4.2 
4.5 
3.5-3.9 
7.4 
4.0-4.9 
5.7-6.7 
3.3-3.8 
7.4-10.5 
4.9-5.1 
4.9-5.0 
7.5-7.9 
4.7 
5.1-8.5 
5.9-6.6 
5.0-5.4 
Pairs 
postanal 
papillae 
4 
5 
6 
5 
5 
5t 
6 
6 
6 
5 
6 
5 
6 
5 
5 
6 
5 
5 
5 
6 
4 
5 
5 
5 
5 
5 
6 
6 
Body 
length (mm) 
14.1-18.0 
12.4-15.9 
10.9-15.8 
12.2-12.6 
7.1-7.9 
10.7-19.0 
13.7-24.4 
5.9-6.2 
8.5-12.7 
5.7-11.1 
5.9-8.7 
14.5-16.2 
6.0-12.0 
5.3 
8.8-13.4 
8.7-11.5 
9.2-11.4 
9.7-15.4 
6.6-12.0 
20.9-28.6 
11.3-15.5 
12.8-15.8 
8.7-19.3 
11.7-11.9 
19.3-40.0 
12.4-20.0 
Tail 
(fLm ) 
230-302 
61-87 
51-60 
100-110 
110-130 
64-82 
80-170 
57-66 
72-146 
43-59 
37-66 
50-71 
48-72 
45 
76-93 
55-74 
3311 
34-71 
29-33 
83-113 
39-89 
104-142 
44-62 
40-53 
58-120 
46-71 
10.0-17.0 40-58 
8.0-9.8 94-125 
Females 
Ratio 
GE/ME 
4.4-5.0 
4.2-4.6 
13.5-16.1 
6.7-7.6 
6.2-7.1 
5.3-7.4 
3.9-4.0 
4.3-5.1 
5.1-7.9 
5.2-6.9 
6.2-6.7 
6.9-7.2 
3.8-4.7 
4.6 
4.7-5.3 
6.7-8.2 
4.3-5.1 
3.9-7.4 
3.0-3.4 
6.2-9.9 
5.6-5.7 
5.3-6.1 
8.1-10.3 
8.3-7.5 
5.5-7.4 
5.4-6.5 
6.3-7.9 
% Ratio 
vulva/body 
length 
51-52 
43-44 
27-31 
42-52 
36-43 
25-32 
44-58 
43-52 
47-55 
41-59 
28 
32-40 
33-39 
46:j: 
51-56 
25-38 
38 
41-47 
39-44 
29-44 
28-29 
41-47 
36-48 
41-34 
47-52 
54-59 
31-37 
51-53 
Egg poles 
with 
filaments 
o 
o 
o 
o 
o 
o 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
* Ascarophis cooperi, A. girellae, A. gymnocrani, A. prosper, and A. upeneichthys were not included in this table because they have incomplete morphological descriptions. However, they were mentioned in 
taxonomic remarks for discussion (see text). 
t This species also has 1 adanal pair. 
:j: Probably the vulva was located posterior to the midbody, although a certain translation could not be done. 
§ When 2 bibliographic sources were used, combined morphometric ranges are shown. Those measurements without ranges were based on 1 individual, except for A. sebastodis. which was based on averages. 
II Measurement from a drawing. 
Q:) 
o 
--i 
I 
m 
c-
O 
C 
:D 
Z 
P 
r-
o 
" u 
P 
:D 
P (fJ 
~ 
o 
r-
o 
Gl 
.-< 
< o 
r-
CD 
.w 
Z 
o 
CJ1 
o 
o 
--i 
o 
OJ 
m 
:D 
rv 
o 
o 
-.J 
MUNOZ AND GEORGE-NASCIMENTO-ASCAROPHISIN FISH FROM CHILE 1181 
FIGURES 1- 4. SEM of Ascarophis draconi n. sp. (1) Cuticular striations (third anterior portion of the body). (2) Oral opening (Sml : submedial 
labium; Psi: p eudolabium ; Psp: pseudolabium projection to the central oral opening; SI : sublabium; Am: amphid ; Cp: cephalic papilla). (3) 
Posterior portion of the male body (AR : area rugo a). (4) Postanal papillae (V: fifth pair; VI : s ixth pair; UPp: papilla; PH : phasmids). 
uncertain whether this is a strong characteri stic of the species or mor-
phological variation within the species. . ' 
Ascarophis parupenei differs from males and females of A. draconi 
in po e ing a large ratio between lengths of glandular and muscular 
esophagi and a large vestibule (Moravec e t aI., 1988). AI 0, A. paru-
penei has eggs without filaments, in contrast to A. draconi n. sp. (Table 
II). 
Ascarophis japonica and A. holocentri differ from A. dracol1i n. sp. 
in egg filament arrangements; the 2 species have a single egg pole with 
filaments, in contrast to A. draconi n. sp. with fil aments on each egg 
pole (Table II). Other differences show females of A. draconi n. sp. a 
be ing almost twice as large as A. japollica; however, relative measure-
ments of vestibule and esophagus lengths are larger; the left spicule is 
shorter, and the anus is more posterior in A. japonica than A. dracolli 
n. sp.; A. holocentri ha a left spicule 4 times larger than in A. draconi 
n. sp. (Table II ). 
Males of A. cunlicauda have a horter glandular esophagus and a 
shorter ratio of GEIME and LS/RS than A. dracolli n. sp. However, 
Ascarophis mexicana Salgado-Maldonado and Vivas-Rodriguez, 1995, 
and A. holocentri possess a longer left spicule than A. dracolli n. sp. 
(Table II ). 
Several species wi th incomplete morphometric information have also 
been considered, but most are on ly based on a few characteristics. As-
carophis dracolli differs from Ascarophis col/aris Petter, 1970; Ascar-
aphis cooperi Johnston and Mawson, 1945; Ascarophis girellae (Ya-
maguti , 1935); Ascarophis gymllocrani (Yamaguti , 1935); and A.rcaro-
phis upelleichthys Johnston and Maw on, 1945, in that these latter spe-
c ies have no egg filaments. In contrast, Ascarophis capeUanus 
Nikolaeva and Naidyonova, 1965, and Ascarophis epillepheli Wang, 
1984, have filament on I egg pole ( ee comparative tables in Ko, 1986; 
Ferrer et al., 2005). Those species that possess egg fil aments in both 
poles-Ascarophis pacifica Zukhov, 1960, and Ascarophis prosper 
Naidyonova and Nikolaeva, 1969- have shorter left picules than A. 
dracol1i n. sp. (Ko, 1986; Ferrer et aI., 2005). Ascarophis mullusi Naid-
yonova and Niykolaeva, 1968, has a short body length , approximately 
the half that of A. draconi 11 . sp. (Table II). 
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TABLE III. Range of values (/Lm, unless otherwise stated) for morphological and morphometric characteristics of males and females of Ascarophis 
carvajali n. sp. in 2 fish host species. 
Patagonotothen comucola Austrolycus depressiceps 
Characteristic Male (n = 3) Female (n = 8) Male (n = 4) Female (n = 3) 
Body length (mm) 
Body width 
Vestibule 
5.20-7.23 10.0-14.78 4.76-6.95 8.27-9.623 
Position of nerve ring* 
Muscular esophagus 
Glandular esophagus (mm) 
Excretory pore* 
Deirids 
Anust 
Left spicule 
Right spicule 
Pairs of preanal papillae 
Pairs of postanal papillae 
Terminal knob 
Position of vulva (mm)t 
Egg length 
Egg width 
48-58 
83-113 
125-153 
193-280 
1.27-1.71 
158-213 
135t 
90-120 
62-84 
170-305 
4 
6 
83-103 
88-113 
113-163 
208-330 
1.40-1.80 
118-203 
112-133 
40-70 
Some 
3.35-5.03 
37-43 
21-25 
43-73 
95-113 
125-145 
205-263 
1.17-1.52 
183-218 
89-113 
90-104 
63-85 
170-233 
4 
6 
4.76-6.95 
43-73 
95-113 
125-145 
75-88 
110-120 
138-150 
275-325 
1.10-1.62 
198-225 
113-120 
48-50 
Some 
2.8-3.37 
39-41 
19-24 
Polar egg filaments Two filaments on each polar egg 205-263 Two filaments on each polar egg 
* Distance from the anterior extremity. 
t Variable measured in only 1 specimen. 
:j: Distance from the posterior extremity. 
Ascarophis carvajali n. sp. 
(Table III, Figs. 12-23) 
General: Filiform worms. Cuticular striations well defined from an-
terior extremity to tail (Figs. 12, 15). Four cephalic papillae located 
ventrolaterally and dorsolaterally (Figs. 13-16). Oral opening dorsoven-
trally elongated (Figs. 13, 16). Two pseudolabia with conical anterior 
protrusion; one side of base of each pseudolabium connected to buccal 
wall, other side with a projection extending toward central oral opening. 
Projection wider than pseudolabium base; T-shaped in apical view (Figs. 
13, 16). Some specimens with bilobed sublabia (Fig. 13). Submedial 
labia present, each located in margin ventral and dorsal to both sides 
(Figs. 13, 16). Sublabia slim and connected to buccal wall beneath each 
submedian labia. Amphids lateral to base of pseudo labia. Oral opening 
followed by vestibule and esophagus (muscular and glandular portions). 
Nerve ring close to beginning of muscular esophagus. Excretory yore 
posterior to nerve ring (Fig. 19). Deirids simple and small papillae, 
located between beginning of muscular esophagus and nerve ring (Fig. 
19). 
Male (3 individuals): Absolute measurements in Table III. Glandular 
esophagus 5.2-6.6 times longer than muscular. Posterior portion of body 
usually coiled (Fig. 20). Monorchid. Left spicule 2.4-3.7 times larger 
than right one (Table III). Most caudal papillae pedunculated, the last 
pair observed as nonpedunculated. Four pairs of preanal papillae and 6 
pairs of postanal papillae (Fig. 21). Cuticmar elevations of area rugosa 
long and flat (Fig. 17). Area rugosa distribution 280-327 (Fig. 21). 
Phasmids close to sixth pair of postanal papillae. Caudal alae narrow, 
supporting caudal papillae (Fig. 20). 
Female (8 gravid individuals): Absolute measurements in Table III. 
Larger and wider than male specimens. Glandular esophagus 3.4-8.0 
times longer than muscular portion. Didelphic and amphidelphic uterus. 
Anterior ovary located at first quarter portion of body, posterior to glan-
dular esophagus. Posterior ovary some distance to anus (Fig. 22). Vulva 
(Fig. 23) situated at third posterior portion of body (31.3-37.6% of body 
length). Embryonated eggs bearing a knob at each pole with 2 filaments. 
Short tail (Figs. 14, 22). 
Taxonomic summary 
Type host: Patagonotothen comucola (Richardson, 1833) (Nototh-
enidae). 
Other host: Austrolycus depressiceps Regan, 1914 (Zoarcidae). 
Range of host body length (cm): P. comucola 4.5-12.4 and A. de-
pressiceps 21-34.5. 
Type locality: Fuerte Bulnes (53°35'S, 700 55'W), Punta Arenas, 
Chile. 
Habitat of the hosts: Intertidal. 
Site of infection: Intestine. 
Prevalence. intensity. and abundance: Prevalence 12.1 %, mean abun-
dance 0.7 individuals from 58 fish specimens examined, and mean in-
tensity 5.8 from 7 fish parasitized of P. comucola; prevalence 100%, 
mean abundance and intensity 7 individuals from 3 host specimens of 
A. depressiceps. 
Etymology: The specific name "carvajali" is in honor of Dr. Juan 
Carvajal for his contribution to marine parasitology in Chile. 
Deposition of specimens: Museo Nacional de Historia Natural, Chile: 
MNHNCL #11661 (paratypes). U.S. National Parasite Collection, 
USNPC-99773 (voucher specimens). 
Remarks 
Ascarophis carvajali n. sp. is morphometrically closer to Ascarophis 
minuta Ko. 1985. Only females of Ascarophis longispicula Zhukov, 
1960, Ascarophis brasiliensis Magalhaes-Pinto, Vicente and Noronha, 
1984, and A. sebastodis and only males of Ascarophis ayalai Machida, 
1984, and Ascarophis slankisi Solov'eva were similar to A. carvajali n. 
sp. 
Ascarophis minuta possesses a glandular esophagus that is shorter 
FIGURES 5-11. Drawings of the morphology of Ascarophis draconi n. sp. (5) Cephalic region. (6) Anterior portion of the body (De: deirid). 
(7) Male tail showing spicules and papillae. (8) Male tale showing caudal alae. (9) Male tail showing the length of area rugosa. (10) Posterior 
portion of the female body. (11) Embryonated eggs. Scale bar = 10 /Lm for Figs. 5 and 11, 100 /Lm for Figures 6-10. 
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than in A. carvajali n. sp. (Ko, 1985). The ratio of GEIME in males 
was 3.4-4.2 for A. minuta compared with 5.9-6.6 for A. carvajali n. 
sp., and in females it was 3.8-4.7 compared with 5.4-6.5, respectively. 
Ascarophis min uta has eggs with filaments on I pole (Ko, 1985), in 
contrast to A. carvajali n. sp., which has filaments on both egg poles 
(Table II). 
Ascarophis sebastodis differs from A. carvajali in the egg filament 
arrangements (Table II) and in having a larger glandular esophagus (see 
Olsen, 1952; Ko, 1986). In males, A. carvajali n. sp. has a larger left 
spicule than A. sebastodis. This needs confirmation because the left 
spicule was measured in only 1 specimen of A. sebastodis, without 
mentioning its body length; thus, the range of left spicule length is not 
known (see Ko, 1986). 
Female nematodes of A. brasiliensis and A. longispicula are similar 
to A. carvajali n. sp. Principal differences in egg filament arrangements 
and length of tails in females. Male of A. brasiliensis with small glan-
dular esophagus, a small GE/ME ratio, and larger spicules and body 
length compared with A. carvajali n. sp. (Table II). Ascarophis long is-
picula has long spicules that differ greatly from A. carvajali n. sp. 
(Table II). 
Ascarophis slankisi and A. ayalai have bifurcated left spicules at the 
tip (see Solov'eva, 1987; Gonzalez-Solis et ai., 2002), and vulva posi-
tion is near the middle of the body, differing from A. carvajali n. sp. 
(Table II). Ascarophis slankisi also has 5 pairs of postanal papillae, and 
A. carvajali 6 pairs (Table 11). 
Ascarophis carvajali n. sp. differs from other Ascarophis species, in 
that A. mexicana and A. holocentri have longer left spicule lengths than 
A. carvajali n. sp. Ascarophis collaris, A. cooperi, A. distorta, A. gi-
rellae, A. gymnocrani, A. parupenei, and A. upeneichthys lack egg fil-
aments; A. capellanus and A. epinepheli have filaments on 1 egg pole 
(see comparative tables in Ko, 1986; Ferrer et ai., 2005), in contrast to 
A. carvajali n. sp., which has filaments on both egg poles. Species with 
egg filaments on both poles include Ascarophis pontica Nikolaeva, 
1970; A. mullusi; and A. prosper; these species also have large spicule 
length, in contrast to A. carvajali n. sp. (Ko, 1986; Ferrer et aI., 2005). 
DISCUSSION 
Many descriptions of Ascarophis species have been deficient 
and with poor discussions of morphological comparisons 
among species. In fact, in this study, morphometric compari-
sons were done between the 2 new species and another 31, 
although not all of them had sufficient taxonomic information 
(Table II). We considered species with enough taxonomic de-
scription as those that have ranges (from several specimens) of 
morphometric measurements for males and females, in at least 
9 characters (i.e., body length, vestibule, lengths of muscular 
and glandular esophagi, nerve ring position, tail [= anus/cloaca 
position from the posterior extremity], vulva position, and 
lengths of the left and right spicules). 
Moreover, cephalic and buccal characteristics are essential to 
describe cystidicolid nematodes because some genera exhibit 
very similar cephalic features under light microscopy (e.g., 
Capillospirura Skrjabin, 1926; Caballeronema Margolis, 1977; 
Pseudascarophis Ko, Margolis, and Machida, 1985; and Simi-
lascarophis Munoz, Gonzalez, and George-Nascimento, 2004), 
making it difficult to differentiate between genera except by 
SEM. For example, 8 species originally placed in Ascarophis 
(A. argumentosa, A. collaris, A. ovotrichuria, A. acipenserina, 
A. malmae, A. ochracea, A. marina, and A. nasonis) were later 
placed into other genera on the basis mainly of cephalic and 
buccal structures (see Ko, 1986; Munoz et aI., 2004). However, 
this produces a large problem in Ascarophis because more than 
half of the species described do not have any micrographs, 
drawings, or clear descriptions of the cephalic and mouth struc-
tures. Ko (1986) proposed that 22 could be considered valid 
species, and another 7 species have been subsequently de-
scribed, except that among the latter, several have unsatisfac-
tory morphological and morphometric information (e.g., A. se-
bastodis, A. cooperi, A. girellae, A. gymnocrani, A. prosper, A. 
epinepheli, A mullusi, and A. upeneichthys) and require addi-
tional work. Moreover, the cephalic and mouth structures, al-
though important for taxonomy of cystidicolids, have been not 
considered in evaluating the validity of several Ascarophis so 
far described. 
According to the descriptions of Ascarophis given by Ko 
(1986) and Munoz et aI. (2004), the buccal structure is char-
acterized by the presence of conical pseudolabia, sublabia, and 
pseudolabia with medial extension or projections; usually, sub-
medial labia are also present. On examining these characteris-
tics here, we suggest that A. adioryx and A. exalticola represent 
valid species because they exhibit the general characteristics of 
Ascarophis, in contrast to Ko (1986), who classified these spe-
cies as "with uncertain generic affinities." In addition, A. adio-
ryx has a bifurcated deirid (= cervical papilla) (Machida, 1981), 
which is not a common characteristic for Ascarophis spp. (Ko, 
1986). However, most of the studies do not mention the mor-
phology of these papillae. Most differences among genera have 
been based on the mouth structure and sexual characteristics. 
The use of differences in deirid morphology can be employed 
to distinguish species within Ascarophis but might be not 
enough to differentiate between genera. Ascarophis extalicola 
Appy, 1981 was originally placed in Ascarophis, although the 
original description stated that this species might belong to an-
other genus because of some distinct morphological character-
istics from Ascarophis, such as a small blunt elevation on the 
anterior protrusion of pseudolabia, a hexagonal oral opening, 
and indistinct submedial labia (see Appy, 1981). However, these 
characteristics are closer to Ascarophis than to any other genera 
within Cystidicolidae. Actually, submedial labia are reduced, 
considering the mouth morphology and SEM shown by Appy 
(1981). The oral opening form is dorsoventrally elongated, 
which is the principal mouth shape for Ascarophis; thus, the 
"hexagonal form" would not be an important feature because 
this particular shape could be caused by fixation. Consequently, 
A. exalticola could be considered a valid species on the basis 
of its morphology, although a determinant conclusion would be 
only obtained from molecular analysis. 
Ascarophis sebastodis was originally described by Olsen 
(1952) on the basis of only a single female specimen. Later, Ko 
(1986) gave a general description for males and females. How-
ever, that description was incomplete because the length of the 
left spicule and vulva position were measured for just 1 male 
FIGURES 12-17. SEM of Ascarophis carvajali n. sp. from Patagonothoten comucola. (12) Cuticular striations (third anterior portion of the 
body). (13) Oral opening (SI: sublabium; arrows indicate 2 lobes; other abbreviations are in Fig. 2). (14) Tail of female. SEM of A. carvajali n. 
sp. from Austrolycus depressiceps. (15) Cuticular striations (third anterior portion of the body). (16) Oral opening (abbreviations are in Fig. 2). 
(17) Area rugosa. 
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and female individual, respectively. The validity of A. sebas-
todis could not be determined on the basis of these incomplete 
descriptions, although this species was included in Table II, in 
that A. sebastodis has been recorded in Chile, in the fish S. 
capensis (see Gonzalez and Acuna, 2000). However, its pres-
ence along the Chilean coasts is in doubt because the validity 
of this species is unclear. 
We excluded Ascarophis marina Ivanov, Navone, and Mar-
torelli, 1997; Ascarophis nasonis Machida, 1981; and the re-
cently described species Ascarophis valentina Ferrer, Aznar, 
Balbuena, Kostadinova, Raga, and Moravec, 2005, from this 
analysis because these species belong to Similascarophis ac-
cording the diagnosis given by Munoz et al. (2004). 
In this study, we have described and recorded 2 new cysti-
dicolid species, A. carvajali n. sp. and A. draconi n. sp., in 
fishes from Chile and for the South American Pacific coast. It 
is important to note that several species have Ascarophis-like 
morphology (Pseudascarophis and Similascarophis) that must 
be considered in future cystidicolid studies, especially from the 
Pacific coast. Taxonomic identifications of these species must 
be undertaken with caution to provide trustworthy records of 
parasites and their hosts. 
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A NEW SPECIES OF HEPATOZOON (APICOMPLEXA: ADELEORINA) FROM 
PYTHON REG/US (SERPENTES: PYTHONIDAE) AND ITS EXPERIMENTAL 
TRANSMISSION BY A MOSQUITO VECTOR 
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ABSTRACT: Hepatozoon ayorgbor n. sp. is described from specimens of Python regius imported from Ghana. Gametocytes were 
found in the peripheral blood of 43 of 55 snakes examined. Localization of gametocytes was mainly inside the erythrocytes; free 
gametocytes were found in 15 (34.9%) positive specimens. Infections of laboratory-reared Culex quinquefasciatus feeding on 
infected snakes, as well as experimental infection of juvenile Python reg ius by ingestion of infected mosquitoes, were performed 
to complete the life cycle, Similarly, transmission to different snake species (Boa constrictor and Lamprophis fuliginosus) and 
lizards (Lepidodactylus lugubris) was performed to assess the host specificity. Isolates were compared with Hepatozoon species 
from sub-Saharan reptiles and described as a new species based on the morphology, phylogenetic analysis, and a complete life 
cycle, 
Hemogregarines are the most common intracellular hemo-
parasites found in reptiles, The Hemogregarinidae, Karyolysi-
dae, and Hepatozoidae are distinguished based on the different 
developmental patterns in definitive (invertebrate) hosts oper-
ating as vectors; all 3 families have heteroxenous life cycles 
(Telford, 1984). The Hepatozoidae is characterized by the for-
mation of large poly sporocystic oocysts occurring in the he-
mocoel of a definitive host (usually a mosquito). In the first 
intermediate host (lizard, frog), cystic development occurs 
mainly in the liver; in the second intermediate host (snake), 
there are typically 2, or more, rounds of merogony in various 
internal organs (Smith, 1996). Because infections of snakes 
with Hepatozoon sp. have been described in more than 200 
species (Levine, 1988), they are considered to be the most fre-
quent hemogregarines in these hosts (Smith, 1996). The major-
ity of descriptions made in the past were based mainly on ga-
metocyte morphology without considering the life cycle, with 
most of the species being originally referred to as members of 
the genus Haemogregarina. Ball et al. (1967) first revealed that 
Haemogregarina rarefasciens infecting a snake (Drymarchon 
corais) followed the typical life cycle of a species of Hepato-
lOon. Then, later authors transferred several Haemogregarina 
species to Hepatozoon (i.e., Smith, 1996; Telford et aI., ·2002; 
Paperna and Lainson, 2004). Because a comparison of both 
gametocyte morphology and sporogonic characters is essential 
for the definition of a Hepatozoon species, the status of all 
species described without the life cycle is disputable, making 
the taxonomy of the genus more or less tentative. 
Among more than 120 species described from snakes (Smith, 
1996), life cycles and host specificitY have been studied only 
in a few cases. Various mosquitoes serve as definitive host, 
including species of Culex, Aedes, and Anopheles, which are 
considered to be principal vectors of Hepatozoon species from 
snakes (Smith, 1996). A relatively low host specificity is indi-
cated at the level of snake intermediate hosts, e.g., Hepatozoon 
sauritus has been reported from 4 snake species belonging to 
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3 genera (Telford et al., 2004). Low host specificity of Hepa-
tozoon spp. is supported by experimental transmissions between 
snakes from different families. Ball (1967) observed experi-
mental parasitemia with Hepatozoon rarefaciens in the Boa 
constrictor (Boidae); the vector was Culex tarsalis, which had 
fed on D. corais (Colubridae). The host specificity is probably 
even less at the level of the first intermediate hosts. Various 
species of lizards, e.g., Oplurus, Podarcis, and Tropidurus, 
were found to be susceptible to the infection with Hepatozoon 
domerguei or Hepatozoon terzii, with the formation of dizoic, 
tetrazoic, or hexazoic cysts localized in livers of these hosts 
(Landau et aI., 1970; Paperna and Lainson, 2004). Wozniak and 
Telford (1991) were successful in transmitting Hepatozoon sp. 
from colubrid snakes, Coluber constrictor and Nerodiafasciata, 
to the lizards, Anolis carolinensis and Anolis sagrei. Similarly, 
various species of amphibians can serve as first intermediate 
hosts (Smith et al., 1994, 1996). Congenital transmission rep-
resents another route of infection, as described by Lowichik and 
Yaeger (1987) in the ovoviviparous snake Nerodia fasciata. 
In total, 12 species of Hepatozoon have been described to 
date in snakes from sub-Saharan Africa (Table I); Hepatozoon 
robertsonae (Sambon and Seligmann, 1907) is the only species 
named from African species of Python. In addition to this tax-
on, there are isolates of hemogregarines reported, but not 
named, from African Python regius and P. sebae (Bouet, 1909; 
Johnson and Benson, 1996). Python regius inhabits grasslands, 
and dry and moist savannas from western to central Africa 
(Ghana, Benin, Togo, Burkina Faso, Uganda), where high pop-
ulation densities are described even in anthropogenically dis-
turbed habitats (Aubret et aI., 2005). Python regius is very pop-
ular among herpetoculturists, leading to the alarming fact that 
thousands of these snakes are captured and exported from Af-
rica every year. The greatest number of legally exported snakes 
originates in Benin (>820,000 exported between 1994 and 
2004), Togo (>730,000), and Ghana (>480,000) (www.cites. 
org). Snakes are usually kept under insufficient conditions be-
fore the transport (illegal in many cases), suffering from many 
pathogens, including parasites (Divers and Malley, 1995). 
Herein, we report on the occurrence of Hepatozoon sp. in 
imported P. regius, and we describe it as a new species based 
on results of experimental life cycle study. 
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TABLE 1. A checklist of Hepatozoon species described in Afrotropical snakes. 
Sporocyst size, 
Intermediate Gametocyte size, Oocyst size, no. no. of Original 
Definitive host host shape Locality of sporocysts sporozoites description 
Hepatozoon zambiensis Not mentioned Dispholidus 14.94-17.79 X Lochinwar Not mentioned Not mentioned Peirce (1984) 
typus 2.35-5.7 fl.m, National 
bean-shaped Park, Zam-
bia 
Hepatozoon bitis Not mentioned Bitis arietans 12.5-14 X 3-4 fl.m Great Letaba; Not mentioned Not mentioned Fantham and 
Republic of Cantab 
South Africa (1925) 
Hepatozoon boodoni Not mentioned Boaedon fuli- 14-15 X 2-3 fl.m; Sudan Not mentioned Not mentioned Phisalix 
ginosus 14-15 X 7 fl.m (1914) 
Hepatozoon brendae Not mentioned Psammophis 16-17 X 3-4 fl.m Not mentioned Not mentioned Not mentioned Sambon and 
sibilans Seligmann 
(1909) 
Hepatozoon cro- Not mentioned Crotaphopeltis 20 X 2 fl.m, slen- Entebbe; Not mentioned Not mentioned Hoare (1932) 
taphopeltis hotamboeia der vermicules Uganda 
Hepatozoon dogieli Not mentioned Bitis gabonica 14 X 6 fl.m, bean- Mabira, Not mentioned Not mentioned Hoare (1920) 
shaped Uganda 
Hepatozoon enswerae Not mentioned Naja melano- 19 X 3 fl.m, slen- Entebbe, Not mentioned Not mentioned Hoare (1932) 
leuca der vermicules Kampala; 
15 X 3.8 fl.m, Uganda 
bean-shaped 
Hepatozoon minchini Not mentioned Crotaphopeltis 13-14 X 3-4 fl.m, Kavirondo Not mentioned Not mentioned Garnham 
degeni sausage-shaped Gulf of (1950) 
Lake Vikto-
ria; Kenya 
Hepatozoon musotae Not mentioned Boaedon li- 17 X 3.8-4.7 fl.m, Entebbe; Not mentioned Not mentioned Hoare (1932) 
neatus bean-shaped Uganda 
15.2 X 6.6 fl.m, 
broad forms 
Hepatozoon robert- Not mentioned Python regius 12-16 X ? fl.m Gambia Not mentioned Not mentioned Sambon and 
sonae and Python Seligmann 
sebae (1907) 
Hepatozoon vubirizi Not mentioned Simocephalus 15-17 X 3.8-4.7 Entebbe; Not mentioned Not mentioned Hoare (1932) 
butleri fl.m, bean-
shaped 
MATERIALS AND METHODS 
Examination of imported snakes and ticks 
In total, 55 P. reg ius were examined. A group was imported by a 
pet-trader under license from Ghana in 2005. All snakes were measured, 
weighed, and sexed using cloacal probing (DeNardo, 1996), and they 
were examined for ectoparasites. Blood samples were obtained by ven-
tral tail venipuncture (Jenkins, 1996). Blood smears were rapidly air-
dried and fixed in absolute methyl alcohol, and staining was done using 
the May-Griinwald-Giemsa method. The rel!l'.rining blood was stored in 
absolute ethanol. Blood smears were examined using an Olympus AX.70 
microscope. Ten thousand erythrocytes from each blood smear were 
examined for hemogregarines, and parasitemia was estimated for each 
specimen (percentage). Measurements given (gametocytes, erythro-
cytes) originated from a single positive snake obtained to perform ex-
perimental infections, whereas extraerythrocytic stages (free gameto-
cytes) were measured in another snake from the same group. Measure-
ments are given in micrometers as means, followed by the range in 
parentheses, and the number of parasites measured (n). Statistical anal-
ysis was performed using chi-square, nonparametric Mann-Whitney U-
test (prevalence and parasite load, respectively) and nonparametric Steel 
test (gametocyte morphology comparison). 
Ticks naturally occurring on imported pythons were collected man-
ually from each snake, counted, and kept alive in plastic vials before 
their dissection. Identification of the ticks was accomplished following 
Hoogstral (1956). In total, 100 ticks collected from all the pythons (n 
Uganda 
= 55) were randomly chosen and dissected, and at least 1 tick was 
dissected from each snake. Dissections were performed by placing the 
ticks on a slide with basic saline solution (0.75%) and by an incision 
around the idiosoma on the marginal groove. The dorsal tegument was 
folded back and the body cavity was flushed with cold physiological 
solution (6 C) to increase the rigidity of the internal organs and to 
facilitate the search for oocysts. The suspension obtained, as well as the 
gut and salivary glands, were examined using an Olympus AX70 mi-
cros«ope. 
Experimental infections 
Mosquitoes: Laboratory-reared Culex quinquefasciatus were used to 
perform experimental infections. Mosquitoes were maintained in the 
Plexiglas@ box system (Olejnicek, 1993). One positive P. regius from 
the imported group was heated in a thermostat (37 C) for 3 hr and 
moved to a Plexiglas box with Cx. quinquefasciatus overnight. Then, 
the snake was removed as well as nonfed mosquito females. The re-
maining mosquitoes were kept in the same box at 25 C and 70% hu-
midity in a 12/12-hr day/night cycle, and they were provided with water 
and a 10% (w/v) sucrose solution. Mosquitoes were dissected at 33-35 
days postinfection (DPI). After being anesthetized (1 min in a freezer), 
they were placed on a slide with basic saline solution (0.75%) and 
dissected. Samples of the proboscis, salivary gland, gut, fat body, and 
hemocoel were examined using an Olympus AX70 microscope. 
Snakes: One specimen of P. regius and 1 Lamprophis fuliginosus, 
both juveniles, were used for experimental infections. Snakes were pre-
viously checked weekly, with negative results, for the presence of he-
mogregarines for 12 consecutive weeks before inoculation. Oocysts 
used for inoculation originated from an experimentally infected Cx. 
quinquefasciatus. Thirty-four DPI, oocysts were disrupted, together with 
saline solution by using a vortex machine, and sporocysts were counted 
in Burker's chamber. Then, both snakes were inoculated perorally witb 
1,500 sporocysts by an esophageal tube. Blood was taken, and a pres-
ence of gametocytes in peripheral blood was checked weekly in blood 
smears stained as described above. 
Two juvenile boas (B. constrictor) were infected by force feeding 2 
specimens of Cx. quinquefasciatus previously fed on positive P. regius 
originating from the group of imported animals; both snakes were fed 
mosquitoes 30 DPI. The exact number of sporocysts used for B. con-
strictor inoculation was not estimated. Snakes were kept separately in 
glass cages at .x of 25 C and 70% humidity in a 121l2-hr day/night 
cycle, and they were fed laboratory mice weekly. Blood samples were 
examined weekly as described above. 
Snakes from both experiments were killed by an overdose of ether 
60, 180 (B. constrictor), and 90 (P. regius, L. fuliginosus) DPI, and then 
they were dissected. Samples of heart, lungs, liver, stomach, intestine, 
and kidney were obtained during necropsy and preserved in 10% buff-
ered formalin. Histological sections were stained with hematoxylin and 
eosin. 
Lizards: In total, 6 L. lugubris, all juveniles, were used for experi-
mental infections. Animals were captive bred. Considering the small 
size, blood samples were obtained by tail clipping. Lizards were main-
tained in the same conditions as snakes and fed commercially bred 
crickets twice a week. Two different experimental doses and schemes 
were used. Four lizards were infected with 300 sporocysts obtained as 
described above for P. regius and L. fuliginosus. From the latter 4 
lizards, 2 were infected perorally and 2 intraperitoneally. Blood samples 
were obtained 30 and 90 DPI, at which time the lizards were also killed 
and necropsied. In the second trial, 2 lizards were force fed each with 
2 mosquitoes previously fed on infected P. regius. Each lizard was 
killed 60 DPI and necropsied. Blood samples were obtained 8 DPI and 
during dissection. Samples for histological sections from the lizards in 
both experimental trials were obtained and handled the same way as 
those from experimentally infected snakes. One intraperitoneally in-
fected lizard died 83 DPI, and it was found in the late stage of autolysis; 
thus, no samples for histological sections were obtained from this spec-
imen. 
DNA extraction, polymerase chain reaction, and sequencing 
Intact oocysts and released sporocysts were removed from dissected 
mosquitoes and kept in basic saline solution (0.75%) at -20 C. Isolation 
of total DNA and sequencing have been described previously (Votypka 
et aI., 2002). The 18S rDNA gene was amplified using eukaryote-spe-
cific primers MedlinA (CGT GTT GAT CCT GCC AG) and MedlinB 
(TGA TCC TTC TGC AGG TTC ACC TAC) (Medlin et aI., 1988). 
Three independent amplicons were gel-isolated (QIAGEN, Valencia, 
California), and they were directly sequenced on an automated DNA 
sequencer (ABI Prism 310 Genetic Analyzer; Applied Biosystems, Fos-
ter City, California]) using the BigDye 3.1 kit (Applied Biosystems). 
Phylogenetic analysis 
The small subunit ribosomal RNA (I8S rDNA) was used to establish 
the phylogenetic position of Hepatozoon ayorgbor n. sp. Obtained DNA 
sequence data were compared with those in the GenBank database using 
BLAST® algorithm. All sequences of the small subunit rRNA genes of 
Hepatozoon spp. available in public databases, except incomplete se-
quences, were used in our analyses. Appropriate sequences of 18S 
rDNA were aligned using the program Clustal X 1.18 (Thompson et 
a!., 1997). Alignment was manually checked and corrected using the 
program BIOEDIT (Hall, 1999); gaps, as well as ambiguously aligned 
regions, were omitted from further analysis. For analyses presented 
here, 35 operational taxonomic units (OTUs) and 1,786 characters were 
composed. Phylogenetic analysis was performed using maximum par-
simony, maximum likelihood, and Bayesian, with the program package 
PAUP4.0blO (Swofford, 2001), PhyML (Guidon and Gascuel, 2003), 
and MrBayes 3.0 (Huelsenbeck and Ronquist, 2001). MP trees (addseq 
= random, nrep = 10, tree bisection-reconnection branch swapping al-
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gorithm) were constructed using PAUp, and bootstrap analyses were 
performed with 1,000 replicates. ML trees were constructed using GTR 
model for nucleotide substitutions with ")I-distribution in 8 + 1 categories. 
Bootstrap analysis was computed in 200 replicates using the same mod-
el with ")I-distribution in 4 categories and all parameters estimated from 
the data set. A Bayesian tree was constructed in the program MrBayes 
3.0 (ngen = 2,000,000, nst = 6, basefreq = estimate, rates = invgamma, 
burnin = 1,000). The nucleotide sequence of the 18S rDNA of the new 
species has been deposited at the GenBank under the accession no. 
EF157822. 
RESULTS 
Examination of imported snakes 
Except for 2 subadult specimens, all the snakes were adults 
with total length exceeding 90 cm. From 55 specimens in total, 
30 (55.5%) were males and 25 (45.5%) females. On average, 
males weighed 955.8 g (650-1,350) and females weighed 
1,119.2 g (760-1,450). Intraerythrocytic stages (gametocytes) 
of Hepatozoon sp. were found in 43 (78.2%) specimens (Fig. 
1). The number of infected snakes was 22 of 30 (73.3%) in 
males and 21 of 25 (84%) in females, with no significant dif-
ference between sexes. Localization of gametocytes was mainly 
inside the erythrocytes; double infections of erythrocytes were 
observed rarely (Fig. 2). Gametocytes emerging from infected 
erythrocytes were seen (Fig. 3), and extracellular forms were 
found in 15 (27.3%) specimens, 3 males and 12 females (Fig. 
4). Average parasitemia in infected animals was 0.64% (0.02-
4.12) in males and 0.85% (0.01-3.07) in females; no significant 
difference was observed between infected animals of both sex-
es. 
Tick infestation with Aponomma iatum was found in 50 
(90.9%) specimens of P. reg ius examined with x of 7.57 (1-
35) ticks in male and 6.24 (2-20) in female of infested snakes. 
Neither oocysts nor other developmental stages of hemogreg-
arines were found during dissections of all 100 ticks. A single 
male of Amblyomma nuttalli was found on 1 snake; no oocysts 
were present during dissection. 
Experimental infections 
Mosquitoes: In total, 60 mosquitoes fed on a positive snake, 
and 43 mosquitoes (71.6%) were positive during the dissections 
and examination at 34 DPI. Sporulated oocysts were found ex-
clusively in the hemocoel of thorax and abdomen (Fig. 5); none 
was observed in proboscis and salivary gland. The average 
number of oocysts per infected mosquito was 4.4 (1-17), and 
21- oocysts were found disrupted during the dissections. Intact 
oocysts measured 251.5 X 247.7 (58-638 X 58-638; n = 165), 
each containing 228.53 (33-1013, n = 17) sporocysts. Sporo-
cysts measured 35.4 X 23.6 (20-53 X 18-42; n = 30) and 
contained 21.3 (14-38) sporozoites; a residual body was present 
(Figs. 6, 7). Sporozoites were banana-shaped, 18.8 X 4.3 (17-
21 X 3-5; n = 30), not possessing a residual body. 
Snakes: In all experimentally infected snakes, gametocytes 
(Figs. 8, 9, 10, 11) were observed in peripheral blood in various 
intervals after the inoculation (for measurements, see Table II). 
Significant difference in both length and width of gametocytes 
was observed in experimentally infected P. reg ius and B. con-
strictor no. 2 compared with those of naturally infected P. re-
gius. Remaining experimental snakes differed in either length 
(B. constrictor no. 1) or width (L. fuliginosus) compared with 
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FIGURES 1-7. Hepatozoon ayorgbor n. sp. (1). Single gametocyte in the erythrocyte of naturally infected Python regius. (2) Double infection 
of the erythrocyte. (3) Gametocyte emerging from the host cell. (4) Free (exoerythrocytic) gametocyte. (5) Oocyst of H. ayorgbor n. sp. in the 
hemocoel of abdomen in experimentally infected Culex quinquefasciatus 34 DPI. (6) Detailed view of the sporocysts in intact oocyst. Note 
prominent sporocyst residuum (arrowhead). (7) Sporocyst after disruption of oocyst. Bars = 10 j.Lm, except 5 = 50 j.Lm. 
naturally infected snakes (P < 0.001). In histological sections, 
meronts in various stages of development were found both in 
P. regius and L. fuliginosus. In P. regius, a single meront mea-
suring 18 X 11 was found in liver tissue and contained 26 
merozoites (Fig. 12). In L. fuliginosus, 2 undivided (uninuclear) 
meronts measuring 12 X 7 and 15 X 10 were found in liver 
tissue, and the multinuclear meronts localized in liver measured 
18 X 11.3 (10-24 X 6-18; n = 10) (Figs. 13, 14). Undivided 
meronts found in endothelial cells of capillaries in the lungs 
measured 12.1 X 9.7 (8-16 X 7-17; n = 10), multinuclear 16.4 
X 9.7 (11-20 X 6-12; n = 10). The mero~t nuclei were usually 
peripherally disposed, and each divided meront contained 5-24 
merozoites (Figs. 15-17). 
Lizards: No gametocytes in the bloodstream were found in 
all animals in various periods after infection in both experi-
mental groups. Similarly, no endogenous stages were present in 
histological sections of any organ examined. 
DESCRIPTION 
Hepatozoon ayorgbor n. sp. 
(Figs. 1-7, 14) 
Description of gametocytes: Gametocytes are broadly elongate 12.2 
X 2.9 (11-13 X 2-3.5), with elongated nuclei 5 .2 X 1.6 (4-6.5 X 1.5-
2), n = 30, not recurved (Figs. 1,2). Nuclei of infected erythrocytes 7 
X 2.5 (6-9.5 X 1.5- 3), usually forced to one side of host cell. Nuclei 
of uninfected erythrocytes measuring 6.5 X 3.5 (5-7 X 3-4.5). Mean 
size of uninfected erythrocytes 19.1 X 9.75 (14-22 X 8.5- 12), n = 30 
and 19.0 X 9.3 (17-21 X 8-10), n = 30 in infected erythrocytes. Ex-
tracellular (free) garnetocytes 23.26 X 2. 1 (20-25 X 1.5- 2.5), n = 30 
with nucleus always in second half of gametocyte (Fig. 4). 
Description of sporulated oocysts: Stages of sporogony in experi-
mentally infected Cx. quinquefasciatus observed within hemocoel of 
thorax and abdomen. Oocysts (Fig. 5) ovoidal, 251.51 X 247.72 (58-
638 X 58-638; n = 165), SI (length/width) = 1.01. Each oocyst with 
228.53 (33-1013; n = 17) sporocysts. 
Deseription of sporocysts and sporozoites: Sporocysts (Figs. 6, 7) 
spherical to ovoidal 35.47 X 23.67 (20-53 X 18-42; n = 30), SI = 
1.50 each with 21.3 (14-38; n = 30) sporozoites. 
Description of meronts: Single meront as found in experimentally 
infected type host, localized in liver tissue, measured 18 X 11 and 
contained 26 merozoites (Fig. 14). 
Taxonomic summary 
Type host: Python regius Shaw, 1802. 
Other hosts (experimental, this study): Lamprophisfuliginosus Boie, 
1827; Boa constrictor Linnaeus, 1758. 
Type locality: Ghana. 
Prevalence: Forty-three of 55 P. reg ius examined. 
Site of infection: Erythrocytes, liver, and lung. 
Material deposited: Hapantotype blood films and photosyntypes of 
sporulated oocysts deposited in Type collection of Department of Par-
asitology, University of Veterinary and Pharmaceutical Sciences Bmo, 
Czech Republic. 
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TABLE II. Morphometry of gamonts and erythrocytes in naturally and experimentally infected snakes. 
First gamonts in 
peripheral blood Infected erythrocytes Noninfected 
Snake species (DPI) Gamonts (n = 30) (n = 30) erythrocytes (n = 30) 
Python regius (70 DPI) 69 13.1 X 3.47 
(9-14 X 2-4.5) 
Lamprophis fuliginosus 44 12.05 X 3.47 
(70 DPI) (8-14 X 3-4.5) 
Boa constrictor no. 1 (60 DPI) 37 10.73 X 3.33 
(8-12 X 2-4) 
Boa constrictor no. 2 (60 DPI) 44 11.13 X 3.07 
(8-13 X 1-4) 
Etymology: The specific epithet reflects the vernacular name used for 
P. regius by local people in Ghana (Gorzula et a!., 1997). The name is 
given, according to the ICZN, as a noun in apposition. 
Phylogenetic analysis 
We have sequenced the 18S gene representing the putative new He-
patozoon species. The final data set contains all sequenced species of 
Hepatozoon, as well as representatives of all major branches of Api-
complexa parasites. The tree was rooted using the colpodellids as an 
outgroup. 
Hepatozoon ayorgbor n. sp. clusters within the other species from 
this genus, and all methods used strongly support its affiliation with 
this clade. Major branches are well supported, and the branching order 
is not influenced by the use of different outgroups. The obtained tree 
revealed the monophyly of H. ayorgbor n. sp. with Hepatozoon sp. 
(Boiga), the only other available Hepatozoon species from snakes, a 
relationship supported by 97-99% bootstrap by all methods used (Fig. 
18). 
In summary, H. ayorgbor clusters in all performed analyses together 
with all other species from Hepatozoon, with 100% bootstrap support 
and this genus seems to represent a separate cluster within hemogreg-
arines. 
DISCUSSION 
Life cycle and morphology 
Hepatozoon spp. includes the most frequent hemoparasites 
infecting ophidian hosts (Levine, 1988). In contrast to the He-
patozoon spp. infecting mammals, H. kisrae cycling between 
Agama stellio and Hyalomma cf. aegyptium is the only known 
species from reptiles transmitted by ticks (Paperna et ai., 2002); 
Ball et ai. (1969) was successful in transmission of Hepatozoon 
fusifex from B. constrictor to Amblyomma dissimile under ex-
perimental conditions. Infestation with Aponomma spp. ticks is 
commonly reported in imported P. regius (Hammond and Dor-
set, 1988; Divers and Malley, 1995; ]{~nny et ai., 2004); how-
ever, none of Aponomma latum and/or Amblyomma nuttalli 
feeding on infected animals and examined in our study con-
tained developmental stages of hemogregarines. Similarly, 
Wozniak and Telford (1991) were not able to transmit undeter-
mined Hepatozoon species to Ornithodoros moubata fed on in-
fected colubrid snakes. 
Mosquitoes evidently represent principal vectors of Hepato-
zoon spp. in ophidian hosts. The host specificity on the level 
of definitive host is rather low, and various species of Culex, 
Aedes, and Anopheles are proved to be susceptible to the ex-
perimental infection, i.e., Culex tarsalis, Cx. pipiens molestus, 
Cx. pipiens fatigans, Cx. quinquefasciatus, Cx. territans, Aedes 
aegypti, Ae. sierrensis, and Anopheles albimanus (Ball et ai., 
19.17 X 9.48 18.03 X 8.28 
(17-21 X 7-11) (15.5-20 X 7-10) 
16.98 X 9.2 16 X 7.9 
(15.5-21 X 8-11) (14.5-18 X 7-9.5) 
16.90 X 10.53 17.97 X 8.13 
(14-20 X 9-14) (13-20 X 6-10) 
18.33 X 9.53 18.97 X 8.87 
(13-22 X 7-12) (15-21 X 7-13) 
1967; Booden et ai., 1970; Landau et ai., 1972; Bashtar et ai., 
1984, 1991; Nadler and Miller, 1984; Paperna and Lainson, 
2004). 
The gamogony in definitive hosts ends by the formation of 
multi sporocystic oocysts in the hemocoel of the abdomen and 
thorax within fat body cells (Smith, 1996). High variability in 
oocyst and sporocyst size was described by several authors 
(e.g., Smith, 1996) and was confirmed in present study. Size of 
the H. ayorgbor n. sp. oocysts ranged 58-638 X 58-638 fLm, 
and high variability in the number of sporocysts (33-1,013) 
depended on the oocyst size. 
The host specificity of hemogregarines at the level of the 
snake host is only vaguely understood. In older studies, the 
occurrence of gametocytes in a new host was often used to 
justify the description of a new species. In contrast, limited 
experimental studies showed remarkably low host specificity. 
Hepatozoon rarefaciens was successfully transmitted from D. 
corais to Pituophis catenifer (Chao and Ball, 1969), and also 
to B. constrictor (Ball et ai., 1967). Documented transmissions 
between distantly related snakes suggest the host spectrum to 
be delimited by the host ecology rather than host phylogenetic 
relationships. In our study, we successfully transmitted H. 
ayorgbor n. sp. from P. regius to both Afrotropical (L. fuligi-
nos us) and Neotropical (B. constrictor) snakes that further con-
firms the assertion regarding low host specificity. In contrast, 
under natural conditions, Hepatozoon spp. indicate narrower 
host specificity than in the laboratory. Telford et ai. (2001) stud-
ied Hepatozoon species in a community of 5 snake species in 
Florida. In that investigation, each snake species was parasit-
ized by at least 1 characteristic Hepatozoon species and no 
cross-infections were identified. A similar observation was 
made for Hepatozoon guttata and Hepatozoon sistruri (Telford 
et ai., 2002). In H. sauritus, however, a potential to infect more 
than 1 host snake species was observed under natural condi-
tions, and the conspecificity of isolates in different snake spe-
cies was confirmed by gametocyte morphology and by genome 
analysis (Telford et aI., 2004). Interestingly, a short-term para-
sitemia was also observed in lizards experimentally fed with 
mosquitoes that had fed on snakes infected either with unde-
scribed Hepatozoon sp. (Booden et ai., 1970; Oda et ai., 1971) 
or H. domerguei (Landau et aI., 1972). 
In ophidian hosts, merogonic development occurs in 1, or 
more, internal organs. Two types of meronts, namely, macro-
meronts (Y meronts) and micromeronts (X meronts), are distin-
guished in some studies (Smith et aI., 1994, 1996; Telford et 
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FIGURES 8- 11. Gametocytes of Hepatozoon ayorgbor n. sp. in experimentally infected snakes, all in the same scale. (8) Gametocytes in 
erythrocytes of Python regius. Bar = 10 f-lm. (9) Gametocytes in erythrocytes of Lamprophis fuliginosus. (10-11) Gametocytes in erythrocytes 
of Boa constrictor. 
FIGURES 12-17. Merogony in experimentally infected snakes, all in the same scale. (12) Divided meront in liver tissue of Python regius. 
Undivided (13) and divided (14) meront in liver tissue of Lamprophis fuliginosus. (15) Undivided meront in lung tissue of L. fuliginosus. Bar = 
20 f-lm. (16) Divided meront in lung tissue of L. fuliginosus. (17) Divided (arrow) and 2 undivided (arrowheads) meronts in lung tissue of L. 
fuliginosus. 
aI., 2001, 2002). Macromeronts are the earlier stage of merog-
ony, and they contain large macromerozoites. These do not in-
vade erythrocytes, but other tissue cells where they give rise to 
further generations of merogony. Micromeronts form later in 
development and produce smaller micromerozoites, which cir-
culate for a short time in the bloodstream before they enter 
erythrocytes. The merogonic development is completed within 
4-7 wk after the infection (Smith, 1996). The relatively long 
interval (60 days) between the infection and dissection of our 
experimentally infected snakes and the simultaneous presence 
of intraerythrocytic gametocytes and tissue meronts suggest ob-
served meronts to be micromeronts. 
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35/52/0.7 Hepatozoon sp.n. (Phyton regius) 
'--__ ----L-:::.67/84/1.0 
MP/ML/Bayes 100/100/1.0 
Hepatozoon Sp. (Bandicota indica) 
Hepatozoon sp. (CI. glareolus BV2) 
Hepatozoon sp. (CI. glareolus BV1) 
100/100/1.0 
92/86/1.0 
71/95/1.0 
100/100/1.0 
97/98/0.99 
100/100/1.0 
'----- Hepatozoon sp. (Boiga) 
'-------- Hepatozoon catesbianae 
Hepatozoon americanum 
Hepatozoon sp. (Dusicyon thous, Nosal) 
'--- Hepatozoon canis 
49/71/0.97 Hepatozoon felis 
100/100/1.0 
100/100/1.0 Hepatozoon felis 
Adelina bambarooniae 
Adelina bambarooniae 
Adelina grylli 
96/78/0.98 
100/100/0.91 
100/100/1.0 
'----- Adelina dimidiata 
Hammondia hammondi 
100/100/1.0 Toxoplasma gondii 
1 00/1 00/1.0 Neospora caninum 
Sarcocystis muris 
89/98/0.5 Sarcocystis neurona 
100/100/1.0 Eimeria falciformis 
'----- Goussia janae 
100/100/1.0 
100/100/1.0 Theileria ovis 
Theileria parva 
100/100/1.0 ,..------ Babesia motasi 
Babesia ovis 
100/100/1.0 Mattesia sp. 
48/55/0.54 Mattesi geminata 
'----------- Ophriocystis elektroscirrha 
'----------------- Monocystis agi/is 
100/100/1.0...---- Cryptosporidium baileyi 
'-----~~~~ 
'---- Cryptosporidium parvum 
r------------------ Crupodellareuahymenae 
Co/podella pontica 
0.1 
FIGURE 18. Phylogenetic tree of hemogregarines rooted by colpodellids as outgroup and constructed by using maximum likelihood. Statistical 
support for nodes is shown as maximum parsimony bootstraps/maximum likelihood bootstrapslMrBayes posterior probability value. 
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An intriguing phenomenon in the life cycle of Hepatozoon 
spp. in snakes is the presence of free extracellular gametocytes, 
previously described by several authors (Telford et aI., 2001, 
2002, 2004). Although free zoitelike stages observed in our 
study resemble micromerozoites in their general appearance, 
they are gametocytes that evidently emerged from erythrocytes 
(Figs. 3, 4). However, the role of these stages in the life cycle, 
if any, remains unknown. 
Generally, there are 2 described ways the snake host becomes 
infected by Hepatozoon spp.: (1) the ingestion of vector and 
(2) predation upon first intermediate host. Oral ingestion of an 
infected mosquito by snakes is a proved experimental method 
of transmission (Telford et al., 2001, 2004). In our study, we 
transmitted the infection to snakes the same way. However, con-
sidering the feeding biology of snakes, such a route of infection 
is extremely improbable under natural conditions. 
Existence of a first intermediate host is considered to be the 
most important aspect in the transmission of Hepatozoon spe-
cies to snakes. In these cases, cysts containing up to 6 cysto-
zoites were localized in the liver tissue of infected saurian hosts 
(Landau, 1970; Paperna and Lainson, 2004). In Hepatozoon 
sipedon and Hepatozoon sirtalis, an amphibian first intermedi-
ate host was confirmed (Smith et aI., 1994, 1999; Telford et aI., 
2001). 
In our study, we inoculated a total of 6 L. lugubris to deter-
mine whether this lizard species can serve as a first intermediate 
host of the new Hepatozoon species. None of the experimen-
tally inoculated lizards possessed either gametocytes in the pe-
ripheral bloodstream or cysts or other endogenous stages in 
their internal organs. The ability of H. ayorgbor n. sp. to infect 
other lizard species should be further examined. The diet of P. 
regius consists naturally of small mammals, mainly ground-
dwelling rodents, e.g., species of Tatera and Taterillus, and 
birds (Luiselli et aI., 2001; Spawls et aI., 2004) depending on 
age, size, and sex of the snake (Luiselli et al., 2001). It is prob-
able that the specificity of Hepatozoon spp. at the level of the 
first intermediate host reflects the trophic relationships between 
snakes and their prey. In addition, Telford et aI. (2001) found 
oocysts in proboscides of mosquitoes infected with Hepatozoon 
pictiventris. However, in our study, oocysts were found only in 
the hemocoel of mosquitoes' abdomens and thoraces. Thus, the 
role of rodents and birds in the life cycle of H. ayorgbor, as 
well as the possibility of inoculative transmission of Hepato-
zoon spp. by mosquito vectors, should be elucidated. 
Pathogenicity 
Pathogenicity of Hepatozoon infection for invertebrate (de-
finitive) hosts was described previously by several authors. 
Wozniak and Telford (1991) observed 40% mortality in Ae. 
aegypti in experimental conditions during the first 48 hr post-
infection, and many mosquitoes that survived seemed weak and 
lethargic. Similarly, a high mortality in a group of ex. quin-
quefasciatus experimentally fed on B. constrictor infected with 
H. terzii was described by Paperna and Lainson (2003, 2004); 
no mosquitoes survived more than 9 days after feeding. De-
pendence between high level of parasitemia of a snake and 
consequent mortality in mosquito fed on such a host was de-
scribed (Ball et al., 1967). 
However, pathogenicity in infected snakes (natural interme-
diate hosts) is considered to be low (Nadler and Miller, 1984, 
1985; Wozniak et al., 1994). A slight anemia, hyperthrophy of 
erythrocytes, and plasma membrane alteration associated with 
Hepatozoon sp. infection in snakes was described by Telford 
(1984). Granulomatous hepatitis associated with Hepatozoon 
sp. meronts was observed in Nerodia fasciata pictiventris 
(Wozniak et al., 1998). Caudell et aI. (2002), studying the effect 
of Hepatozoon sp. infection on blood chemistry and health of 
Boiga irregularis, found no significant difference between in-
fected and noninfected snakes. In the present study, all exper-
imental animals were in good condition without any visible 
changes in their health status. Neither gross pathological nor 
histological lesions were found in necropsied python. 
Phylogeny 
The morphological features and molecular phylogenetic anal-
ysis definitively identify the organism as a new species of He-
patozoon. To our knowledge, the sequence of H. ayorgbor n. 
sp. represents the second sequence of Hepatozoon from a snake 
and the first from Africa continent. Therefore, detailed char-
acterization of this DNA sequence was not possible. 
Taxonomy 
Twelve species of Hepatozoon have been described to date 
from African snakes in sub-Saharan Africa (Table I). Hepato-
zoon robertsonae (Sambon and Seligmann, 1907) is the only 
species described from an African member of the Pythonidae. 
The latter species was described (Sambon and Seligman, 1907) 
based on data presented by Roberson (1906) as a description 
of Trypanosoma python is . However, because the type host of 
this hemogregarine is not clear (probably P. regius or P. sebae), 
and the data rather limited, we consider H. robertsonae to be 
a nomen nudum. Additionally, there are further isolates of he-
mogregarines reported, but not described, from African P. re-
gius and P. sebae (Bouet, 1909; Johnson and Benson, 1996). 
Thus, a first species of Hepatozoon from P. regius is described 
herein. Gametocytes of H. ayorgbor n. sp. are shorter than those 
of previously described species in snakes from the sub-Saharan 
realm. Hepatozoon dogieli gametocytes are the most similar in 
length, but much wider. Unfortunately, all the descriptions lack 
the information about oocysts/sporocysts morphometry. 
All previous descriptions of Hepatozoon species from sub-
Saharan snakes lack information about the life cycle and stages 
in definitive hosts, and the host specificity itself has only limited 
use in the Hepatozoon spp. taxonomy. Even in our limited 
group' of experimental snakes, the gametocyte morphology var-
ied (Table II), and it can be only barely used as a key diagnostic 
feature. Significant difference in both length and width of ga-
metocytes compared with those in naturally infected P. regius 
was observed in experimentally infected snake of the same spe-
cies. Moreover, the entire taxonomy of Hepatozoon spp. in sub-
Saharan Africa prevents a comparison of new findings with 
described taxa. To prevent further taxonomic obstacles, descrip-
tion of new taxa should contain the morphological data, to-
gether with life cycle studies, and, whenever possible, molec-
ular data. 
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SQUIRRELS, SPERMOPHILUS SPILOSOMA BENNETT, 1833, IN NEW MEXICO 
John E. Ubelaker, Roxanne Easter-Taylor, April Marshall, and Donald W. Duszynski' 
Department of Biological Sciences, Southern Methodist University, Dallas, Texas 75205. e-mail: ubelaker@smu.edu 
ABSTRACT: A description is presented of a new species of Subulura Molin, 1860, Subulura novomexicanus, collected from the 
spotted ground squirrel, Spermophilus spilosoma Bennett, 1833, in New Mexico. The males are 24 to 29 mm long, precloacal 
sucker 1.7-2.0 mm from posterior end, spicules subequal 0,83-1.0 long, and gubernaculum Y-shaped 0.21-0,39 mm long. Females 
are 34-39 mm long, vulva near middle of body 14,06-22,00 mm from anterior end, and eggs 0.04-D.05 mm long by 0.03-D.04 
mm wide, The new species is distinguished from Subulura ungulatus Erickson, 1938 in being longer and having spicules that 
are distinctively different in size and form, It also differs from Subulura nevadense Babero, 1973 in being longer and having a 
larger egg size and smaller spicules. The new species is most similar to Subulura andersoni (Cobbold, 1876) (Thwaite, 1927); 
however, the males of this species are smaller and they have broad cervical alae, and the adults occur in squirrels of India. 
Reexamination of S. ungulatus showed 11 pairs of caudal papillae, including 4 pairs of preanals, 1 pair adanal and lateral, and 
6 pairs of postanal papillae located at the end of the tail. Spermophilus richardsoni (Sabine, 1822) is a new host record for S. 
nevadense, and Montana is a new distributional record for this nematode. Eimeria callospermophili Henry, 1932, is a new record 
for S. spilosoma. 
Here, we describe a new species of Subulura Molin, 1860. 
It was discovered in spotted ground squirrels, Spermophilus spi-
lostoma Bennett, 1833, collected on the Sevilleta National 
Wildlife Refuge, near Sorocco, New Mexico. The only other 
mention of parasites from this species of ground squirrel is by 
Broda and Schmidt (1978), who reported the presence of Hy-
menolepis citelli McLeod, 1933, Citellina triradiata (Hall, 
1916) Morgan, 1930, redescribed by Broda and Schmidt (1978), 
Physaloptera massino Schulz, 1926, and Trichuris sp. from 
Colorado. This is the first report of a species of Subulura from 
S. spilostoma. 
MATERIALS AND METHODS 
In total, 89 spotted ground squirrels were collected as part of The 
University of New Mexico's Long-Term Ecological Research (LTER) 
project on the Sevilleta National Wildlife Refuge, Sorocco Co., New 
Mexico, between 1990 and 1996. Two host specimens contained an 
undescribed species of Subulura that we describe here as a new species. 
A description of the site and host collection techniques on the LTER 
was published in Decker et al. (2001). 
The parasites were removed from the alimentary tract of their hosts. 
They were fixed in 5% buffered formalin and later transferred to 70% 
ethanol. Before examination, worms were cleared in ascending series 
of glycerin or heated lactophenol. Figures were made with the aid 'of a 
drawing tube. Measurements were from 6 male and 3 female worms, 
and they are given in millimeters (mm). Holotype and paratypes are 
deposited in the U.S. National Parasite Collection (USNPC), Biosyste-
matics and National Parasite Collection Unit, USDA, Agricultural Re-
search Service, Beltsville, Maryland. 
Symbiotype hosts were deposited in the Museum of Southwestern 
Biology Division of Mammals, at the University of New Mexico, Al-
buquerque, New Mexico. The squirrels w~re trapped (University of 
New Mexico Animal Care Use Permit 941O-B) at the sites during spring 
and summer (May-August) 1991-1994 using Sherman live-traps (mod-
els XLF15 and SFAL; H. B. Sherman Traps, Tallal!assee, Florida) baited 
with rolled oats (Wilson et aI., 1997). 
DESCRIPTION 
Subulura novomexicanus n. sp. 
(Figs. 1-5) 
Description (based on 9 specimens): With the characteristics of the 
genus. Whitish nematodes tapering to both extremities, anterior end 
Received 26 April 2006; revised 16 April 2007; accepted 16 April 
2007. 
* Department of Biology, The University of New Mexico, Albuquerque, 
New Mexico 87131-1091. 
with rounded cephalic tips. Cephalic plate with 4 ovoid and striated 
papillae, 2 prominent submedian amphids, and a hexagonal mouth 
opening surrounded by 6 smaller papillae. Mouth surrounded by 6 labial 
lobes, separated by 6 interlabia, characteristic of the subgenus, Muri-
subulura Quentin, 1969. Pharynx of 3 muscular portions, each com-
posed of 3 lobes twisted to make the pharynx have a helicoidal struc-
ture. Two narrow lateral alae originate behind cephalic plate and ter-
minate in region of the junction of muscular and glandular parts of 
esophagus; numerous and varied transversal striations present through-
out alae. Esophagus dilated posteriorly with short neck followed by 
bulb. 
Male (n = 6): 24-29 long by 0.49-D.59 wide. Buccal cavity 0.05-
0.06 long by 0.04-D.048 wide. Nerve ring and excretory canal 0.11-
0.12 and 0.34-D.35 from anterior end, respectively; precloacal sucker 
located 1.7-2.0 from posterior end. Tail with terminal spine. Eleven 
pairs of ventral caudal papillae with 4 pairs of preanals that begin at 
the level of the precloacal sucker, 1 pair adanal and lateral, and 6 pairs 
of postanal, 4 near the end of the tail. Anus to tip of tail, including 
terminal spine 0.24-D.38. Spicules alated, equal to subequal, 0.83-1.0 
long, gubernaculum Y-shaped 0.21-D.39 long. 
Female (n = 3): 34-39 long by 0.5-0.8 wide. Buccal cavity 0.04-
0.07 long by 0.03-D.7 wide. Esophagus length with bulb 1.8-2.1 long. 
Nerve ring 0.41-0.43 and excretory pore 0.62-D.66 from anterior end. 
Vulva near middle of body, 14.06-22.58 from anterior end. Eggs 0.04-
0.05 mm long by 0.03"-D.04 wide. Tail 1.58-1.59 long. 
Taxonomic summary 
Type host: Spermophilus spilosoma Bennett, 1833. 
Site of infection: Caecum and large intestine. 
Type locality: Sevilleta National Wildlife Refuge, Socorro Co., New 
Mexico. 
Specimens deposited: Holotype male and allotype female and para-
types, USNPC 099587.00, 099588.00, and 099589.00, respectively. 
Symbiotype hosts: MSB 19049 captured in 1989 and MSB 26856 cap-
tured in 1993, both from Five Points Grassland. 
Etymology: The specific name of this species refers to the state of 
New Mexico, where the specimens were collected. 
DISCUSSION 
The genus Subulura contains many species occurring in both 
birds and mammals. Two species of Subulura are known to 
occur in rodents in North America. Subulura ungulatus Erick-
son, 1938, from Zapus hudsonius (Zimmermann, 1780), col-
lected in Minnesota, is a much smaller nematode (males 15-16 
mm long vs. 24-29 mm), with males having spicules similar in 
length to our new species. Erickson (1938) did not record all 
the caudal papillae present in the male specimens. Examination 
of the type specimen revealed that there are 11 pairs of caudal 
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FIGURES 1-5. Subulura novomexicanus n. sp., parasite of Spermophilus spilosoma from New Mexico. (1) Anterior end of male showing 
esophagus and bulb. Bar = 300 fLm. (2) Anterior end of male with detail of buccal capsule and lateral alae. Bar = 400 fLm. (3) Egg. Bar = 200 
fLm. (4) Posterior end of female. Bar = 300 fLm. (5) Posterior region of male showing ventral sucker (vs) and spicules (s). Bar = 400 fLm. 
papillae, including 4 pairs of preanals, 1 pair adanal and lateral, 
and 6 pairs of postanal papillae, including 4 small papillae lo-
cated at the tip of the tail. Thus, S. ungulatus is similar to most 
species of Subulura from rodents in the distribution of caudal 
papillae, including the new species described here. 
A second species, Subulura nevadense Babero, 1973, occurs 
in Spermophilus tereticaudus Baird, 1858 and Ammospermo-
philus leucurus (Merriam, 1893), from Clark, Lincoln and Nye 
counties, Nevada (Babero, 1973). The males of S. nevadense 
are significantly shorter (9.9-13) than our new species. In ad-
dition, in males of S. nevadense, the anterior most caudal pa-
pillae are located much anterior to the adanal sucker, and in the 
females, the egg size is larger (0.08-0.09) than our new species 
(0.04-0.05). We also examined Subulura specimens deposited 
in the USNPC (042484.00, 042485.00, and 042490.00) collect-
ed from Spermophilus richardsoni (Sabine, 1822) in Beaver-
head, Montana, by Jellison in 1936 and deposited in the USNM 
Helminthological Collections. These specimens are all similar 
to S. nevadense; thus, S. richardsoni represents a new host rec-
ord, and Montana is a new distributional record for this parasite. 
In all specimens of S. nevadense examined, the males from S. 
richardsoni were within the range reported by Babero (1973) 
and shorter than those of the new species we report here. 
The new species is also morphologically similar to S. ander-
soni as redescribed by Thwaite, 1927, as presented by Baylis 
(1936). In S. andersoni, the males are smaller (13.5-14.9) than 
S. novomexicanus, have broad cervical alae, and the adults are 
only known to occur in squirrels of India. 
In our study, a single host animal (both males) collected in 
spring 1989 contained 5 male and 1 female S. novomexicanus, 
a juvenile Physaloptera massino, and Eimeria callospermophili 
Henry, 1932; and a second animal captured 4 yr later in spring 
1993 contained 1 male and 2 female S. novomexicanus, a single 
Hymenolepis sp. 1 male and 3 females of Heligmosoides sp., 4 
females of P. massino, and a female of C. triradiata, and E. 
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callospermophili. Both ground squirrels occurred in a grassland 
habitat described by Decker et al. (2001). Broda and Schmidt 
(1978) surveyed the parasites of this squirrel species, and they 
did not find Subulura species in the 38 animals examined from 
northern Colorado. They did record the presence of Eimeria 
larimerensis, Hymenolepis citelli, Citellina triradiata, Physa-
loptera massino, and Trichuris sp. in this host. The report here 
of E. callospermophili is a new host record for this ground 
squirrel. 
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EFFECT OF ALKYL-LYSOPHOSPHOLIPIDS ON SOME ASPECTS OF THE METABOLISM 
OF LEISHMANIA DONOVANI 
S. Azzouz, M. Maache, M. Sanchez-Moreno, A. F. Petavy', and A. Osuna 
Institute of Biotechnology, Department of Parasitology, Faculty of Sciences Campus Fuentenueva C.P.: 18071, Granada, Spain. 
e-mail: aosuna@ugr.es 
ABSTRACT: Alkyl-Iysophospholipids (ALPs), developed initially to be antitumor agents, have proved highly effective in the 
treatment of visceral leishmaniasis, a disease caused by the species making up the protozoan complex Leishmania donovani. 
Although their effectiveness is known, the mode of action against this parasite is not completely understood. In the present work, 
we have studied the effect of 3 derivatives, edelfosine, miltefosine, and ilmofosine, Using nuclear magnetic resonance spectros-
copy ('H-NMR), we have examined the excreted catabolites from glucose metabolism in the promastigote forms treated with 
these compounds. The ALPs at concentrations of 19 and 38 fLM inhibit the excretion of acetate, succinate, and pyruvate. The 
effect of edelfosine, miltefosine, and ilmofosine on the activity of the enzymes hexokinase, glycerolkinase 3-PD, phosphoglucose 
isomerase, superoxide dismutase, and phospholipase C were also examined. Glycerolkinase 3-PD and phosphoglucose isomerase 
are generally insensitive to the compounds, whereas hexokinase and superoxide dismutase are inhibited by miltefosine and 
ilmofosine. The ALPs exhibited an activated effect against the phospholipase C activity, Alkyl-Iysophospholipids were shown to 
have a significant effect on several enzymes in important biochemical pathways indispensable for the survival of L. donovani 
promasigotes. 
Visceral leishmaniasis, a disease caused by the protozoan 
Leishmania donovani, has variable manifestations. Symptoms 
of the illness may include irregular fever, general discomfort, 
and enlargement of the spleen and liver (Manson-Bahr, 1982; 
Pearson and Sousa, 1985). Pentostam and glucantime have been 
the main treatments for nearly 50 yr (Pradinaud et al., 1985), 
and pentamidine and amphotericin B have been the second 
choice when treatment with the first 2 drugs failed (Steck, 
1974). Although these treatments can be highly effective 
against the disease, there are several difficulties, including ex-
cessive toxicity. 
Currently, new outbreaks of visceral leishmaniasis (VL) have 
appeared in several parts of the world (McGregor, 1998). The 
prevalence of VL has risen significantly in the last decade be-
cause of wars, environmental degradation, massive deforesta-
tion, and badly organized urbanization. 
New compounds derived from ALPs that were originally de-
veloped as anticancer drugs showed a high efficacy against 
pathogenic trypanosomatids (Achterberg and Gercken, 1987; 
Croft et al., 1996). Miltefosine was recently registered for" the 
oral treatment of VL in India following successful clinical trials 
(Sundar et al., 2002) and has been assayed in treatment of cu-
taneous leishmaniasis (Soto et al., 2004). 
Various mechanisms of action of ALPs against tumor cells 
have been identified, including perturbation of the alkyl-lipid 
metabolism, phospholipid biosynthesi~"and construction of cell 
membranes (Noseda et al., 1988; Gajate and Mollinedo, 2002). 
In the present work, we studied the alterations caused by 3 
alkyl-Iysophospholipids derivatives, edelfosine, miltefosine, 
and ilmofosine, in the energy metabolism of L. donovani (as 
revealed by nuclear magnetic resonance spectroscopy ['H-
NMR] of the main catabolic products); thus, we examined their 
effect on the activity of hexokinase, glycerolkinase 3-PD, and 
phosphoglucose isomerase, enzymes involved in intennediary 
Received 5 October 2006; revised 11 December 2006; revised 13 
March 2007; accepted 15 March 2007. 
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carbohydrate metabolism, in addition to superoxide dismutase 
and phospholipase C. 
MATERIALS AND METHODS 
Parasite 
The strain of L. donovani used in this study was LCR-133 (Leish-
mania Reference Center, Jerusalem, Israel), isolated in 1967 from a 
human case of Kala-azar in Behenber (Ethiopia) and maintained in our 
laboratory since 1982 by successive passages in NNN medium modified 
with a liquid phase consisting of minimal essential medium (MEM), 
plus 10% inactivated fetal-bovine serum kept in a moist air atmosphere 
at 28 C. 
The prornastigote forms were cultivated in TC-199 medium (Gibco, 
Madrid, Spain), supplemented with 20% fetal bovine serum, inactivated 
at 56 C for 30 min (IFCS) in Roux flasks, 75-cm2 surface area (Costar, 
Cambridge, Massachusetts). 
Compounds tested 
Edelfosine (1-0-octadecyl-2-0-methyl-rac-glycero-3-phosphocho-
line) and miltefosine (Hexadecylphosphocholine) were obtained from 
Sigma Chemical Co. (St. Louis, Missouri). llmofosine (I-S-hexadecyl-
2-methoxymethyl-rac-glycero-3-phosphocholine) was a gift from Dr. Si-
mon' Croft (Department of Infectious and Tropical Diseases, London 
School of Hygiene and Tropical Medicine, London, U.K.). The chem-
ical formulas and compositional structures of the 3 compounds are: 
1-0-octadecyl-2-0-methyl-rac-glycero-3-phosphocholine: 
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Hexadecylphosphocholine: 
H3C" / CH3 O~ ~~/ 
N, .A.. /P", 
H3C/ + 'v' '0 "0 
MILTEFOSlliE 
(HePC) 
l-hexadecitio-2-methoxymehyl-rac-glycero-3-phosphocholine: 
Activity of ALPs on metabolite excretion 
Promastigotes cultures with 5 X 106 parasites/ml were centrifuged, 
the supernatant was eliminated, and the pellet was resuspended in 1 ml 
of culture medium plus 9.5, 19, and 38 j..LM of the 3 compounds, re-
spectively. Controls were performed using only TC-199 medium (Gib-
co), supplemented with 20% IFCS. After incubation for 5 days at 28 
C, the cells were centrifuged at 1,000 g for 10 min, and the supernatants 
were collected to determine the excreted metabolites using IH-NMR. 
Each spectrum was obtained at 300 MHz on a Bruker AM-300 spec-
trometer, operated at pulse mode in Fourier transformation with quad-
rature detection (Gilroy et aI., 1988). The temperature of the probe was 
maintained at 28 C; other parameters used were pulses of 90° in radius 
and a wavelength of 3,287.5 Hz, 8 sec recycle time, and 160 accumu-
lations. The chemical displacements were expressed in parts per million 
(ppm) under a tetramethyl xy1ane signal. The chemical displacements 
used to identify the respective metabolites were consistent with those 
described previously (Castilla et aI., 1995). 
Enzymatic inhibition by alkyl-lysophospholipids 
Promastigotes of L. donovani during the exponential phase of growth 
(200 ml, 3.5 X 107 cells/mIl were incubated for 48 hr with the 3 drugs 
at a concentration of 0.1 j..LM, when they were eliminated by centrifu-
gation (1,500 g for 10 min). The cell pellet was homogenized using 
extra-fine silica powder (Carborundum, Granada, Spain) following the 
method of Steiger et al. (1980). The protein content was determined 
according to Bradford (1976), and aliquots were stored at -80 C until 
used. 
The following enzymatic activities were determined according to 
Bermeyer (1988): phosphoglucose isomerase (PGI), glycerolkinase 
3-PD (GK), and hexokinase (HEX), whileMsuperoxide dismutase (SOD) 
activity was determined following the method of Paoletti and Mocali 
(1990). All the enzymes used in these assays were from Boehringer 
(Mannheim, Germany), and all the coenzymes and substrates were from 
Sigma. 
Effect of the ALPs on phospholipase C activity 
Cultures of promastigotes of 107 parasites/ml were treated for 1 hr at 
28 C with 95 j..LM of edelfosine, miltefosine, and ilmofosine, diluted in 
TC-199 medium plus 20% IFCS. Promastigotes cultivated in TC-199 
medium supplements with 20% IFCS, but without the addition of a1kyl-
lysophospholipids, were used as controls. After incubation, the parasites 
were centrifuged to follow the manufacturer's instructions. All the sam-
ples were incubated, protected from light for 30 min at 37 C. The 
measurements were made in poly-metacrylate cuvettes in a Hitachi F 
2000 spectrofluorimeter with an emission of 560 nm and a detection of 
590 nm. Phospholipase C activity was determined using the Amplex 
Red® phosphatidy1choline-specific phospholipase C (PC-PLC) assay kit 
(Molecular Probe, Barcelona, Spain) according to the manufacturer's 
instructions. In this enzyme-coupled assay, PC-PLC activity is detected 
using 1O-acetyl-3,7-dihydrophenoxazine (Amplex Red reagent), a sen-
sitive fluorogenic probe for H20" which in the presence of horseradish 
peroxidase will generate resorufin, a highly fluorescent product. Fluo-
rescence was processed by computer using F-2000 v. 1.02 software. 
Statistical analysis 
Values are expressed as the mean ::t: standard deviation. The signifi-
cance of the difference between respective controls and each experi-
mental test condition was assessed using I-way analysis of variance 
(ANOVA), and a Dunnett multiple comparisons post-test was em-
ployed. Statistical differences having P < 0.05 were considered to be 
significant. 
RESULTS 
Effect of the ALPs on excreted metabolites 
Figure 1 includes the inhibition levels of the more affected 
metabolite excretion by promastigote forms of L. donovani. At 
38 IJ.M, edelfosine inhibited the excretion of succinate, acetate, 
and pyruvate. Miltefosine inhibited acetate production, whereas 
ilmofosine inhibited acetate, succinate, and pyruvate excretions. 
The effect of the 3 drugs was studied also at concentrations of 
9.5 and 19 IJ.M. The effect of the 3 ALPs was maximal at a 
concentration of 38 IJ.M. Furthermore, at a concentration of 9.5 
IJ.M, edelfosine inhibited pyruvate excretion, and miltefosine 
inhibited acetate production. At the 19 IJ.M, the action of the 
drugs increased (Fig. 1). 
Electronic microscopy of L. donovani promastigotes treated 
with 38 IJ.M of miltefosine showed that, at this concentration, 
the parasite is alive but presents important morphological dam-
age (Fig. 2). 
Activity of the ALPs on the activity of different enzymes 
in L. donovan; 
Table I shows the activity values of the enzymes measured 
in L. donovani promastigote controls and treated with the alkyl-
lysophospholipids. Edelfosine increased the activity of HEX, 
PGI, GK, and SOD. Miltefosine inhibited the activity of HEX 
and SOD and increased the activity of PGI and GK. Ilmofosine 
inhibited the activity of HEX, GK, and SOD, but it increased 
the activity of PGI. 
Effect of the ALPs on the activity of phospholipase C 
The resorufurin concentration calculated by spectrofiuorom-
etry in promastigotes (Fig. 3) showed that the PC-PLC activity 
in the parasite increased as function of time and at 60 min was 
still high. Edelfosine and miltefosine did not affect phospholi-
pase C activity, whereas ilmofosine indicated an activation of 
the enzyme with respect to controls. 
DISCUSSION 
Effect of ALPs on metabolite excretion 
In this investigation we found that L. donovani promastigotes 
excrete mainly pyruvate, acetate, succinate, and lactate, as pre-
viously reported by Castilla et al. (1995). In trypanosomes, glu-
cose or amino acids are used as carbon sources (Fairlamb and 
1204 THE JOURNAL OF PARASITOLOGY, VOL 93, NO.5, OCTOBER 2007 
rlAcetate • Succinate ..,Pyruvate 
100 
80 
f£J 
40 
20 
0 
A 
100 
80 
f£J 
40 
20 
o 
120 B 
100 
80 
60 
40 
20 
0 
c 
FIGURE 1. Effect of edelfosine, miltefosine, and ilmofosine on metabolite excretion in L. donovani at the concentrations of 9.5, 19, and 38 
fLM. The results are expressed in percentage of synthesis inhibition (%IS) calculated by the formula %IS = (Tc - Tptrc) X 100, Tc being the 
lengths of the peaks detected in the resonance profile calculated in the control tubes, and Tp corresponding to the lengths of the peaks detected 
in the resonance profile calculated in the different products tested. 
Opperdoes, 1986; Opperdoes, 1987), The initial part of the gly-
colytic pathway is sequestered in a glycosome, an organelle 
unique to the Kinetoplastida (Overath et a!., 1986; Cross et a!., 
1998). The promastigote, or insect stage, has a functional mi-
tochondrion, but the oxidation of glucose is incomplete, and 
organic acids, primarily acetate, succinate, and pyruvate, are 
formed, in addition to CO2 (Njogu et a!., 1980; Cross et a!., 
1975). Acetate is formed via the action of a mitochondrial ac-
etate:succinate CoA-transferase (ASCT) 1 and employs a suc-
cinate/succinyl-CoA cycle for generating extra ATP (Njogu, 
FIGURE 2. Ultrastructural alterations of L. donovani promastigotes 
after 5 days with 38 fLM of miltefosine. N: Nucleus; K: Kynetoplast; 
M: Mitochondria; F: Flagellum. (X23,520). 
1998). Succinate is also an end product of glucose degradation; 
its production probably involves both the glycosome as well as 
the mitochondrion (Coombs et a!., 1982). All trypanosomatids 
excrete pyruvate as result of glucose degradation; they possess 
cytosolic pyruvate kinase, an important enzyme in the forma-
tion of pyruvate (Besteiro et a!. , 2002). 
Glycolysis is an important and, in some cases, the only met-
abolic pathway for the ATP supply of trypanosomatids, with 
the fabrication of end products occurring in glycosomes, mi-
tochondria, and cytosol (Hart and Opperdoes, 1984). ALPs af-
fect glucose degradation in L. donovani promastigotes by in-
hibiting the production of the most important end products of 
glycolysis in the parasite, Some mechanisms of action of alkyl-
lysophospholipids against tumor cells have been identified in 
trypanosomatids, including perturbation of phospholipid bio-
synthesis and membrane construction (Lux et a!., 2000; Lira et 
a!., 2001). Membrane disruption in L. donovani may prevent 
the assimilation of glucose and amino acids necessary for sup-
plying energy to the parasite. These compounds could also af-
fect'the membranes of glycosomes and mitochondria, which 
would also impact intermediary carbohydrate metabolism. 
ALPs' action on the activity of hexokinase, 
glycerolkinase, glucophosphoisomerase, and superoxide 
dismutase 
Most of the enzymes involved in glucose metabolism in 
Leishmania spp. have been identified and characterized (Misset 
and Opperdoes, 1984; Misset et a!., 1986). They are located in 
the mitochondrion, cytosol, and glycosome, in which many oth-
er metabolic activities a lso occur, including beta oxidation of 
fatty acids, purine salvage, and ether lipid biosynthesis (Misset 
and Opperdoes, 1984; Misset et a!., 1986). 
We found that the alkyl-Iysophospholipids have a variable 
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TABLE I. ALPs action on the activity of hexokinase (HEX), glucophosphoisomerase (PGI), glycerlokinase (GK), and superoxide dismutase (SOD) 
in L. donovani. Control: Promastigotes of L. donovani without the compounds. ALPs were tested at a concentration of 0.1 /LM for 48 hr. Results 
in mU/mg (n = 5, ::!:SD). 
Enzyme Control Edelfosine 
HEX 58.36 ::!: 2.43 88.73 ::!: 6.05** 
PGI 77.8 ::!: 3.75 182.97 ::!: 8.64** 
GK 1456.49 ::!: 54.12 3528.42 ::!: 39.85** 
SOD 51 ::!: 1.84 60.88 ::!: 6.01 * 
* P < 0.05; ** P < 0.01;"' P > 0.05; Dunnett multiple comparisons test. 
effect against hexokinase, glycerolkinase, and glucophosphoiso-
merase in L. donovni. At 0.01 J-LM the 3 derivatives also showed 
a variable and changing effect (data not shown). Lux et al. 
(2000) studied the effect of edelfosine and miltefosine on sev-
eral enzymes involved in phospholipid metabolism in Leish-
mania spp. They reported that the enzymes responsible for the 
initial stages of this metabolism are insensitive to the 2 ether 
lipids, but the enzymes responsible for the last stages of the 
metabolism by these 2 alkyl-Iysophospholipids were inhibited 
by 50 J-LM edelfosine and miltefosine. 
Lorente et aI. (2004) examined the action of azasterols 
against leishmanial parasites and found that they exhibited high 
antiproliferative effects. These investigators also suggested that 
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FIGURE 3. Phospholipase C activity in L. donovani promastigote 
controls and promastigotes treated with 95 /LM of edelfosine, rniltefos-
ine, and ilmofosine. Activity is presented by resorufurin fluorescence. 
Miltefosine Ilmofosine 
57.92:!: 3.11"' 31.16 ::!: 2.58** 
134.81 ::!: 7.41 ** 170.27 ::!: 9.65** 
3147.12 ::!: 25.13** 842.6 ::!: 15.68** 
34.61 ::!: 2.63** 31.28 ::!: 1.89** 
the compounds change their structure on contact with the en-
zymes of the parasite. 
Andreesen et al. (1984) and Schreiber et al. (1994) studied 
the effect of the ALPs on SOD in rat macrophages and dem-
onstrated increased production of reactive oxygen species, such 
as H20 2 and the anion superoxide, confirming the ability of 
ether lipids to stimulate the production of superoxide ions. In 
our study we have noted that miltefosine and ilmofosine, but 
not edelfosine, exert an inhibitory effect in the activity of SOD 
of L. donovani. These results may have great therapeutic im-
portance inasmuch as the alkyl-Iysophospholipids, and partic-
ularly miltefosine, have a different effect on the parasite SOD, 
contrary to that found in the definitive host. 
Effect of the alkyl-Iysophospholipids on phospholipase C 
activity 
One of the objectives of the present study was to examine 
the action of edelfosine, miltefosine, and ilmofosine on L. don-
ovani phospholipase C activity. The results reveal an activation 
of the enzyme in the treated parasites, leading us to conclude 
that ilmofosine, especially, activates protein kinase C (PKC) in 
L. donovani promastigotes. 
In tumor cells, ilmofosine has been shown to inhibit PKC 
(Hofmann et aI., 1994). The activation of PKC by ALPs has 
been reported previously by Heesbeen et al. (1991), who indi-
cated that edelfosine activates PKC in intact cells; they pro-
posed that this activation is due to a physical effect directly on 
the plasma membrane. Similarly, the effect on phospholipase D 
(PLD) by miltefosine was first demonstrated by Wieder et al. 
(1996) in tumor cells. However, the relationship between the 
cytotoxicity of alkyl-Iysophospholipids and PKC and PLC re-
mains unclear. The activation of PKC and the type of activation 
exerted by phosphocholine hydrolysis by phospholipase C 
(PLC) are necessary for the explanation of this relationship. 
In the phosphoinositide (PI) signaling system, agonist stim-
ulation of G-protein coupled receptors causes hydrolysis of the 
substrate, phosphatidyl inositol 4,5-bisphosphate (PIP2), by the 
enzyme phospholipase C (PLC), resulting in the formation of 
2 second messengers, inositol 1,4,5-trisphophate (IP3) and diac-
ylglycerol (DAG) (Berridge and Irvine, 1989). IP3 stimulates 
the release of intracellular calcium from the endoplasmic retic-
ulum, and DAG stimulates the enzyme protein kinase C (PKC) 
(Nishizuka, 1992), which is one of the major intracellular me-
diators of signals generated by the stimulation of cell surface 
receptors. 
Vieira et al. (2002) reported that L. donovani promastigotes 
produce protein kinases, and this production is elevated when 
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pH is in the range of 6.9, but is inhibited when the pH falls to 
5.0. This may explain our results, given that, in another study 
(Azzouz et aI., 2006), we found that ALPs at a concentration 
of 47.5 fLM raised the intracellular pH of the promastigotes, 
corresponding with the activation of PLC. 
There is broad speculation regarding the role of ALPs in the 
activity of PKC. Some researchers have suggested that the ether 
lipids trigger a biphasic effect, in that the protein is stimulated 
at low concentrations, but is inhibited at the highest concentra-
tions (Charp, 1988; Munder and Westphal, 1990). The results 
generated here indicate that ALPs act directly on parasite mem-
branes and their components. 
Miltefosine induced an increase of dialcylglycerol and triac-
ylglycerol biosynthesis in KB cells correlated with a reduction 
of PC levels, prior to DNA fragmentation (Urbina, 2006). Sev-
eral studies have demonstrated consistently a correlation be-
tween inhibition of PC biosynthesis and blockade of cell pro-
liferation (Wieder et aI., 1995, 1999). The choline head group 
of LAPs is essential for inhibition of CCT and for the antipro-
liferative effects since hexadecylphosphoethanolarnine and hex-
adecylphosphosereine are not active as inhibitors of PC biosyn-
thesis or inducers of cell death (Oeilen et al., 1994; Wieder et 
aI., 1998). 
A decrease of PC synthesis will depress the production of 
sphingomyelin (SM), as these biosynthesis pathways are strong-
ly coupled (Hampton and Morand, 1989), which, in turn, will 
lead to the elevation of the intracellular levels of ceramide, a 
known inducer of apoptosis (Hannun and Obeid, 1995; Wright 
et aI., 2004). 
Miltefosine, an alkylphosphocholine, was recently registered 
for the oral treatment of visceral leishmaniasis in India follow-
ing successful clinical trials (Sundar et al., 2002). Edelfosine, 
an alkylglycerophosphocholine, and ilmofosine, the thioether-
substituted phosphatidy1choline analogue, show a high activity 
against L. donovani promastigotes. The different structures of 
the 3 ALPs can explain the variations in their effects, and, per-
haps, some modifications in the structure of edelfosine and il-
mofosine may be the key for their possible future use in the 
treatment of leishmaniasis. 
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CLONORCHICIDAL PROPERTIES OF THE SYNTHETIC TRIOXOLANE OZ78 
Jennifer Keiser, Shu-Hua Xiao*, Yuxiang Dongt, Jurg Utzinger, and Jonathan L. Vennerstromt 
Swiss Tropical Institute, P.O. Box, CH-4002 Basel, Switzerland. e-mail: jennifer.keiser@unibas.ch 
ABSTRACT: Because the synthetic trioxolane OZ78 is active against the liver fluke Fasciola hepatica, we were motivated to 
investigate the in vivo and in vitro activity against another liver fluke, namely Clonorchis sinensis. Rats infected with C. sinensis 
for 2 and 5 wk were treated orally with single doses of OZ78 (75, 150, or 300 mg/kg). Worm burden reductions were assessed 
against untreated control rats. Scanning electron microscopy (SEM) was used to observe adult C. sinensis after recovery from 
rats 1-3 days posttreatment with a single 300 mglkg oral dose of OZ78 and after in vitro exposure to concentrations of 1, 10, 
and 100 fLglrnl of OZ78. A single 300 mg/kg oral dose of OZ78 resulted in worm burden reductions of 78.5% and 98.5% against 
juvenile and adult C. sinensis, respectively. SEM observations revealed tegumental surface alterations, including b1ebbing and 
sloughing. OZ78 emerges as a new compound with a broad spectrum of activity against major foodbome trematode infections. 
Clonorchiasis, a disease caused by the human liver fluke Clo-
norchis sinensis, is of growing public health concern in East 
and Southeast Asia (Keiser and Utzinger, 2005). For example, 
the number of infected people in the People's Republic of China 
has tripled over the past decade; an estimated 12.5 million in-
dividuals are now infected (Coordinating Office of the National 
Survey on the Important Parasitic Diseases in Human Popula-
tion, 2005). The disease is not only endemic in the People's 
Republic of China, but also in the Republic of Korea, Taiwan, 
and Vietnam; an estimated 601 million people are at risk of 
contracting clonorchiasis and more than 35 million people are 
infected (Lun et aI., 2005). Infections with C. sinensis occur 
through the consumption of raw or undercooked freshwater fish 
that are infected with metacercariae. Typical complications in 
the chronic stages of the disease include intrahepatic stones, 
biliary cirrhosis, pyogenic cholangitis, cholelithiasis, cholecys-
titis, and pancreatitis (Lun et al., 2005). In addition, C. sinensis 
is probably a cause of cholangiocarcinoma (Watanapa and Wa-
tanapa, 2002). For more than 20 yr the recommended therapy 
for C. sinensis and other fluke infections, with the exception of 
Fasciola hepatica and Fasciola gigantica, has been praziquan-
tel (WHO, 1995; Keiser and Utzinger, 2004). Recently, a low 
cure rate of only 29% has been reported in northern Vietnam 
after administration of praziquantel to C. sinensis-infected pa-
tients. Although the treatment regimen of 25 mglkg daily for 3 
subsequent days is different from that currently recommenoed 
by WHO (25 mg/kg 3 times per day for 2 consecutive days) 
there is considerable concern about the development of toler-
ance or resistance to praziquantel (Tinga et aI., 1999). At pres-
ent, no alternative clonorchicidal drugs are available. 
Recently, we have reported that artemether and artesunate, 
semisynthetic derivatives of the antimalarial artemisinin, are 
highly active against several foodbo~~ trematodes, including 
C. sinensis (Keiser, Brun et aI., 2006; Keiser, Xiao, Xue et aI., 
2006; Keiser, Xiao, Tanner, and Utzinger, 2006). At a single 
150 mg/kg oral dose, both drugs achieved 99-100% worm bur-
den reductions against adult C. sinensis harbored in rats (Keiser, 
Xiao, Xue et aI., 2006). Because of the biopharmaceutical and 
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chemical drawbacks of the artemisinins (Vennerstrom et al., 
2004), we have recently extended our investigations and eval-
uated the 1,2,4-trioxolane OZ78 against F. hepatica in rats. 
Compared with the artemisinins, OZ78 appeared less toxic and 
achieved complete worm burden reductions in F. hepatica-in-
fected rats at a lower dose (Keiser, Utzinger et aI., 2006). 
Here, we present the first data on the clonorchicidal proper-
ties of single oral doses of OZ78 administered to rats infected 
with either juvenile or adult C. sinensis. In addition, by means 
of scanning electron microscopy (SEM), we document drug-
induced alterations in adult C. sinensis after exposure to OZ78 
in vitro and after administration of OZ78 to infected rats. 
MATERIALS AND METHODS 
Parasite and drug 
Metacercariae of C. sinensis were isolated from small freshwater fish 
caught in Guanxi province, People's Republic of China, as described 
previously (Keiser, Xiao, Xue et aI., 2006). 
OZ78 (Fig. 1) was synthesized at the College of Pharmacy, Univer-
sity of Nebraska Medical Center (Omaha, Nebraska). Shortly before 
oral administration to rats, OZ78 was suspended in 7% (v/v) Tween-80 
and 3% (v/v) ethanol. 
Rats 
All rat experiments had received Swiss or Chinese national approval. 
Male Sprague-Dawley (SO) rats, (n = 18; age 9-10 wk; weight ~100 
g) were purchased from the Shanghai Animal Centre, Chinese Academy 
of Sciences (Shanghai, China). Female Wistar rats (n = 20; age 5 wk; 
weight ~ 100 g) were purchased from RCC (!tingen, Switzerland). The 
animals were kept in groups of 4-5 in macrolon cages with free access 
to water and food. 
In vivo studies 
Rats were infected orally with 40-50 metacercariae in 2 sets of ex-
periments. Two to 5 wk postinfection (PI), 5 groups of 4-5 rats were 
treated orally with OZ78 at single doses of 75, 150, or 300 mg/kg. One 
group of untreated rats served as controls in each of the 2 experiments. 
One week posttreatment, rats were killed by CO2 and necropsied, and 
all flukes were removed from the bile ducts and counted. Three infected 
rats were administered a single 300 mglkg oral dose of OZ78 at week 
6 PI. The rats were killed by CO2 at 24, 48, and 72 hr posttreatment, 
and all flukes were collected for SEM studies, as described below. 
SEM observations 
Clonorchis sinensis were fixed with 2.5% (v/v) glutaraldehyde in a 
PBS buffer for 24 hr at room temperature. After rinsing with PBS buffer, 
the specimens were dehydrated and critical point dried (Bomar SPC-
'900; Tacoma, Washington). After sputter-coating with gold of 20 nm 
(Baltec Med 020, Tucson, Arizona), C. sinensis (6 flukes from each 
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FIG RE I . Chemical structure of OZ78. 
time point) were observed in a high-resolution SEM (Philips XL30 
ESEM; Eindhofen, The Netherlands) at an accelerating voltage of 5 kYo 
In vitro studies 
Clonorchis sinensis were incubated in 5 ml of med ium 199 (Gibco, 
L angley, Oklahoma) upplemented with 5% (v/v) fetal calf serum and 
antibiotics (50 f.Lglml streptomycin and 50 Ulml penicillin (Gibco). Si x 
trematodes were used in each control and experimental group. 
Stock solutions of OZ78 were prepared in 60% OM SO (v/v). Clo-
norchis sinensis were incubated with I , 10, and 100 f.Lglml OZ78 for 
up to 72 hr. The control flukes were incubated with the highe t con-
centration (0.06%) of OMSO. Cultures were kept at 37 C in an aLrnO-
sphere of 5% CO2 and ob er ved after exposure for 24, 48, and 72 hr 
under a dissecting microscope. Clonorchis sinensis were considered 
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dead i f no movement wa observed for 2 min . Flukes were collected at 
72 hr of incubation pending SEM ob ervation. 
Statistical analysis 
We calculated the mean worm burdens in the di fferent treatment and 
control groups. Version 2.4.5 of Stat direct tatisti ca l software (Stats-
direct Ltd ; Cheshire, U. K .) was used for statistica l analyses. The re-
spon es between the med ians of the treatment and contro l groups were 
analyzed with the Kruskal- Walli s (KW) te l. Di fferences in medians 
were considered to be significant at a significance level of 5%. 
RESULTS 
Effect of OZ78 on adult C. sinensis in vivo 
The effect of OZ78 on adult C. sinensis harbored in rats a 
assessed by worm burden reduction is summarized in Table I. 
Administration of sing le oral do e of 150 and 300 mg/kg re-
sulted in very hi gh worm burden reduction of 85.3 and 98.5%, 
re pectively (P < 0.05). At the lowe t do e inve tigated (75 
mg/kg), we found a worm burden reduction of 40.5 %, which 
was not stati stically significant (P = 0.327). 
FIG RE 2. SEM observations of the oral (a, b) and ventral sucker (a, c, d ) of control adult C. sinensis. OS 
sucker, SP = ensory papillae. 
oral sucker ; VS ventral 
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TABLE I. Effect of OZ78 against adult C. sinensis harbored in rats. 
Dose 
Treatment (mglkg) 
Control I 
Control 2 
OZ78 300 
150 
75 
• umber of rals wilhoul nukes. 
t Firsl experi menl. 
:I: Second experimenl. 
o. of rats 
investigated 
5t 
5+ 
5t 
4+ 
4+ 
SO = Siandard devialion; KW = Kruskal- Wallis lesl. 
o . of 
rats cured* 
4 
I 
o 
Effect of OZ78 on juvenile C. sinensis in vivo 
Table It shows the results obtained in rats infected with ju-
venile C. sinensis after treatment with OZ78. At a dose of 300 
mg/kg, a tatistically signifi cant (P = 0.014) worm burden re-
duction of 78.5% was observed. At half thi s dose, a moderate 
worm burden reduction of 46.0% was achieved, which was not 
stati sticall y ign i ficant. 
Mean worm Total worm burden 
burden (SO) red uction (% ) KW P 
13.8 (3.7) 
29.0 ( 12.2) 
0.2 (0.5) 98.5 7.25 0.007 
4.3 (5.4) 85.3 6.0 0.014 
17.3 (8 .7) 40.5 0.96 0.327 
In vitro studies 
All C. sinensis recovered from rats and incubated for 72 hr 
without any treatment had a normal appearance with no alter-
ations in their structure (Fig. 2a-d). 
In vitro expo ure of adult C. sinensis to OZ78 at concentra-
tion of l- LOO IJ.g/ml failed to kill the trematodes even after 72 
hr. However, trematodes incubated with 10 and 100 IJ.g/ml 
FIG RE 3. SEM of adult C. sillellsis after incubation with 100 IJ.glml OZ78 for 72 hr in vitro. Blebbing (b) and sloughing (s) were vis ible on 
the ventral (a, b, c) and dor al surfaces (d ). OS = oral sucker; VS = ventral sucker. 
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FIGURE 4. SEM observations of adult C. sinensis recovered from rat bile duct I and 3 day a fter the admini tration of 300 mglkg OZ78. 
Blebbing (b) and loughing (s) were visible on the ventral sucker (VS) rim (a, b) the o ra l sucker (OS) rim (c) and the ventra l urface (d) 24 hr 
posttreatment. Blebbing (b) and s loughing (s) appeared on the dor al surface (e) and the oral sucker (OS) (f) 72 hr posttreatment. 
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TABLE II. Effect of OZ78 against juvenile C. sinensis harbored in rats. 
Dose 
Treatment (mglkg) 
Control 1 
Control 2 
OZ78 300 
150 
* Number of rats without flukes. 
t First experiment. 
:j: Second experiment. 
No. of rats 
investigated 
5t 
5+ 
4+ 
4t 
SD = standard deviation; KW = Kruskal-Wallis test. 
No. of 
rats cured* 
o 
showed blebbing on the tegument after incubation for 48-72 
hr. SEM pictures taken from flukes after 72 hr of exposure to 
100 J..Lg/ml OZ78 for 72 hr revealed blebbing and evidence of 
disruption, such as sloughing and small lesions, in different 
regions of both surfaces in all specimens examined (Fig. 3a-
d). Tegumental damage was less pronounced in C. sinensis ex-
posed to 1 and 10 J..Lg/ml of OZ78 for 72 hr, when compared 
with those trematodes exposed to the highest concentration of 
100 J..Lg/mI. However, several specimens exposed to the lower 
concentrations also showed small areas of disruption in the 
form of blebbing and sloughing (microplates not shown). 
In vivo SEM observations 
Clonorchis sinensis recovered from rats 24, 48, and 72 hr 
after treatment with a single 300 mg/kg oral dose of OZ78 were 
still alive. Specimens analyzed at all 3 time points showed a 
similar extent of tegumental surface alterations (Fig. 4a-d 24 
hr posttreatment; Fig. 4e, f 72 hr posttreatment). Sloughing at 
24 hr posttreatment was pronounced in a number of specimens 
analyzed and the tegument seemed to be breaking off, exposing 
the basal lamina on the suckers (Fig. 4a--c) and the ventral (Fig. 
4d) and dorsal surfaces. Deep furrows were observed on both 
surfaces (Fig. 4a-d). Many blebs were visible on the oral and 
ventral sucker rim, which had partially burst, causing lesion to 
the tegument (Fig. 4b, c). The sensory papillae, which were 
clearly visible in the control flukes (Fig. 2b, c) were absen! or 
broken (Fig. 4c). The tegument was severely blebbed 48 hr 
posttreatment. Furrowing and sloughing and small lesions were 
observed. 
The overall disruption observed after 72 hr was quite similar 
to the tegumental alterations seen in the previous time periods. 
The surface was badly disrupted and parts of the tegument had 
been sloughed away. The remaining parts of the tegument ap-
peared roughened (Fig. 4e). Blebs were present on the entire 
surfaces and suckers (Fig. 4f). 
DISCUSSION 
This is the first investigation of the in vivo and in vitro clon-
orchicidal properties of the synthetic trioxolane OZ78. Admin-
istration of a single 300 mg/kg oral dose of OZ78 to rats in-
fected with juvenile or adult C. sinensis resulted in worm bur-
den reductions of 78.5 and 98.5%, respectively. For compari-
son, a single 375 mg/kg dose of praziquantel, the current drug 
of choice for clonorchiasis, was found to be the minimum ef-
fective dose in rats harboring adult C. sinensis trematodes (Fan 
et aI., 2005). 
Mean worm Total worm burden 
burden (SD) reduction (%) KW P 
31.0 (8.6) 
29.0 (12.2) 
6.3 (6.4) 78.5 6.0 0.014 
16.8 (11.4) 46.0 2.96 0.085 
We were somewhat surprised by the differing susceptibilities 
of C. sinensis and F. hepatica to OZ78 and the artemisinins: 
OZ78 was less potent than artemether and artesunate against 
C. sinensis. For example, single 75 mg/kg oral doses of arte-
sunate and OZ78 achieved worm burden reductions of 98.4 and 
40.5%, respectively, in C. sinensis-infected rats, the latter of 
which was insignificant. This finding was unexpected in that 
OZ78 is known to have much better biopharmaceutical prop-
erties than the artemisinins (Vennerstrom et al., 2004). In ad-
dition, we have recently found that much lower doses of OZ78 
cured F. hepatica-infected rats when compared with the artem-
isinins. Although a single 100 mg/kg oral dose of OZ78 killed 
all adult F. hepatica in rats (Keiser, Utzinger et al., 2006), a 4-
fold higher dose of artesunate was necessary to achieve com-
plete worm burden reductions in rats (Keiser, Xiao, Tanner, and 
Utzinger, 2006). This raises the question of why C. sinensis are 
less susceptible than F. hepatica to OZ78 in rats. 
It is also noteworthy that although both juvenile and adult 
F. hepatica were equally susceptible to OZ78 (a 100 mglkg 
oral dose resulted in cure of both juvenile and adult infections 
in rats; Keiser, Utzinger et al., 2006), higher doses of OZ78 
were necessary to achieve significant worm burden reductions 
in rats infected with juvenile C. sinensis when compared with 
the adult infections. The effect of the artemisinins on juvenile 
C. sinensis remains 'to be investigated. 
Although C. sinensis has been studied by SEM (Fujino et al., 
1979), thus far only 2 studies have been carried out analyzing 
tegumental surface alterations in C. sinensis after drug treat-
ment by SEM (Qian et aI., 1988; Tang et aI., 1988). Sloughing 
and swelling of the tegument was visible 48 hr posttreatment 
with a single 300 mg/kg oral dose of praziquantel (Qian et aI., 
198?). Our in vitro and in vivo studies, supplemented by SEM 
analysis, revealed that OZ78 acts rather slowly on C. sinensis. 
Flukes recovered from rat bile ducts 3 days posttreatment with 
a high single 300 mg/kg oral dose of OZ78 were still alive. 
Extensive disruption of the tegumental surfaces was present 24 
hr posttreatment. Interestingly, these surface alterations did not 
deteriorate much further within the next 48 hr, and the speci-
mens were still alive at this time point. Hence, not only the 
tegument, but also internal changes after drug penetration, 
might be involved in the drug action of OZ78. Further studies, 
possibly with the use of transmission electron microscopy, are 
warranted. 
Less pronounced tegumental damage, when compared with 
the specimen recovered from the in vivo experiments, was ob-
served after incubation with 100 J..Lg/ml OZ78 for 72 hr in vitro. 
This finding might be explained by the absence of hemin, a 
possible activator/receptor for synthetic peroxides, in the incu-
bation medium. We have also observed enhanced susceptibility 
of F. hepatica when hemin was added to the cultivation me-
dium containing an artemisinin derivative (unpubi. obs.). 
To date, few studies have analyzed the effect of peroxidic 
compounds on the tegument of trematodes. Several studies have 
assessed the morphological alterations after artemisinin admin-
istration on schistosomes as summarized recently (Utzinger et 
aI., 2007). Regarding the foodborne trematodes, preliminary re-
sults revealed eruptions, swelling, and sloughing of the tegu-
ment on adult F. hepatica after the administration of OZ78 
(Keiser, Utzinger et al., 2006). Further comparative studies with 
OZ78, artesunate, and artemether on F. hepatica and C. sinensis 
are ongoing. 
Our study documents that OZ78, in addition to its excellent 
activity against F. hepatica in rats (Keiser, Utzinger et aI., 
2006), has interesting clonorchicidal properties. Hence, not only 
the artemisinins, but also the synthetic peroxide OZ78, emerge 
as new compounds with a broad spectrum of activity against 
major foodborne trematode infections. This provides a foun-
dation on which one might pursue first clinical investigations, 
similar to the antimalarial OZ277 (Vennerstrom et aI., 2004). 
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ABSTRACT: The prevalence of antibodies to Toxoplasma gondii was 
determined in sera from 105 domestic cats from Durango City, Mexico. 
Using a modified agglutination test, antibodies to this parasite were 
found in 21 % of the 105 cats, with titers of 1 :25 in 3 cats, 1 :50 in 4 
cats, 1 :200 in 5 cats, 1 :400 in 2 cats, 1 :800 in 2 cats, 1: 1 ,600 in 4 cats, 
and 1 :3,200 or higher in 2 cats. Cats older than 1 yr had a significantly 
higher frequency of infection than that found in cats younger than 0.5 
yr (41 vs. 13.2%, respectively; odds ratio = 4.55; 95% CI = 1.24-
17.18; P = 0.01). Overall, the seroprevalence of T. gondii antibodies 
in cats in Durango, Mexico, is much lower compared with those re-
ported in other countries. 
Cats are essential in the life cycle of Toxoplasma gondii because they 
are the only hosts that can excrete the environmentally resistant oocysts 
in nature (Dubey and Beattie, 1988). Little is known of the prevalence 
of T. gondii in cats in Mexico. In the present report, we determined the 
prevalence of T. gondii infection in cats from Durango City, Mexico, 
and we attempted to identify general characteristics of cats associated 
with infection. 
All 105 unwanted cats enrolled from August to November 2006 in 
the animal shelter in Durango City, Mexico, were studied. The animal 
shelter receives stray cats captured by the municipality from the streets 
of Durango City and unwanted pet cats given by the owners for adop-
tion. General data, including age, breed, gender, health status, origin 
(stray or household), type of food eaten, and residence for cats were 
obtained (Table I). 
The sera were transported by courier from Mexico to Beltsville, 
Maryland, where serology was performed. Two-fold serial dilutions 
were made (1:25-1:3,200) and tested with a modified agglutination test 
(MAT), as described previously (Dubey and Desmonts, 1987). Whole 
formalin-fixed tachyzoites and mercaptoethanol were used as antigen, 
and a titer of 1 :20 or higher was considered indicative of T. gondii 
exposure based on experimental studies in cats (Dubey and Thulliez, 
1989; Dubey et aI., 1995a, 1995b). 
Results were analyzed with the aid of the software Epi Info 6. For 
comparison of the frequencies among the groups, the Mantel-Haenszel 
test, and when indicated the Fisher exact test, were used. The associa-
tion of the animal characteristics and the T. gondii infection was as-
sessed by calculating the odds ratio (OR) with a 95% confidence inter-
val (CI). For age comparison among groups of cats the Student's t-test 
was used. A P value of less than 0.05 was considered significant. 
Antibodies to T. gondii were found in 2111& of the 105 cats, with titers 
of 1:25 in 3 cats, 1:50 in 4 cats, 1:200 in 5 cats, 1:400 in 2 cats, 
1:800 in 2 cats, 1:1,600 in 4 cats, and 1:3,200 or higher in 2 cats. 
General characteristics of 105 cats are shown in Table 1. All cats 
were of crossbreed and resided in urban areas. Most cats studied were 
females, and the frequency of T. gondii infection observed in these 
females was similar to that observed in male cats (P = 0.56). Cats were 
1 mo to 7 yr old (mean 9 mo), and the prevalence of infection increased 
with age. Most cats were healthy, and the prevalence of infection in 
this group did not differ from that in ill cats (P = 0.33). In addition, 
most cats studied were pets. The prevalence of infection in male and 
female cats in the stray group was comparable (33.3 and 31.3%, re-
spectively; P = 0.61). Similarly, although the prevalence of infection 
in pet female cats (20%) was 2-fold higher than that observed in pet 
male cats (9.1 %), the overall prevalence of infection in male and female 
cats did not differ significantly (P = 0.21). 
Cats older than 1 yr had a significantly higher frequency of infection 
than cats younger than 0.5 yr (41 vs. 13.2%, respectively; OR = 4.55; 
95% CI = 1.24-17.18; P = 0.01) and slightly higher than that observed 
in cats 0.5 to 1 yr old (41 vs. 20%; P = 0.18). Toxoplasma gondii 
seroprevalence in stray cats is much higher in stray versus pet cats 
(Dubey, 1973; DeFeo et al., 2002; Nutter et aI., 2004) as was the case 
in the present study. Higher seroprevalence in adult cats versus kittens, 
observed in the present study, supports earlier findings (Dubey, 1973; 
Ruiz and Frenkel, 1980b; Pena et aI., 2006) and relates to the life cycle 
of T. gondii in cats; most cats are thought to become infected with T. 
gondii after weaning when they begin to hunt for food. 
The 21 % prevalence of T. gondii antibodies in cats of Durango City, 
Mexico, in the present study is the lowest among all other surveys from 
North and South America, West Indies, and 1 study from Europe using 
a cut-off MAT titer of 1:20 (Table II). The prevalence of T. gondii in 
cats is a reflection of prevalence of T. gondii in animals that cats access 
for food. For example, Ruiz and Frenkel (1980a, 1980b) found a very 
high prevalence of T. gondii in cats and rodents and free-range chickens 
from Costa Rica. Although there are several reports of T. gondii infec-
tion in humans and animals in Mexico (Varela et aI., 1961; Femandez-
Torrano et aI., 1986; Velasco-Castrejon et al., 1992; Galvan Ramirez et 
aI., 1995, 1997; Del Rio-Chiriboga et aI., 1997; Dubey, Morales, and 
TABLE I. General characteristics of the cats and prevalence of T. gondii 
antibodies. 
Cats studied Cats positive 
Characteristic No. % No. % 
Gender 
Male 34 32.4 6 17.6 
Female 71 67.6 16 22.5 
Age groups (yr) 
<0.5 53 50.4 7 13.2 
0.5-1 30 28.6 6 20 
>1 22 21 9 41 
Residence area 
Urban 105 100 22 21 
Health status 
Healthy 95 90.5 21 22.1 
III 10 9.5 10 
Origin 
Stray 28 25.7 9 32.1 
Household 77 73.3 13 16.9 
Breed 
Crossbreed 105 100 22 21 
Food 
Commercial 91 86.7 19 20.9 
Homemade 66 62.9 13 19.7 
Hunting and garbage 30 28.6 9 30 
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TABLE II. Seroprevalence* of T. gondii antibodies in cats from different countries. 
% 
Country City or region Source No. tested Prevalence Reference 
Brazil Sao Paulo state Stray, unwanted pets 502 26.3 Silva et al. (2002) 
Sao Paulo state Stray, unwanted pets 237 35.4 Pena et al. (2006) 
Parana state Stray 58 84.4 Dubey, Navarro et al. (2004) 
Colombia Armenia and Bogota Stray, unwanted pets 170 30.5 Dubey, Su et al. (2006) 
People's Republic of China Guangzhou Market 34 79.4 Dubey et al. (2007) 
Spain Barcelona Pets 220 45 Gauss et al. (2003) 
United States Ohio Pets and stray 275 48 Dubey et al. (2002) 
Rhode Island Pets and stray 200 42 DeFeo et al. (2002) 
Illinois Farms 295 75.6 Dubey, Weigel et al. (1995) 
North Carolina Stray and pets 176 50.5 Nutter et al. (2004) 
West Indies Grenada Pets 
St. Kitts Pets 
* Using modified agglutination test titer of I :20 or higher. 
Lehmann, 2004; Figueroa-Castillo et aI., 2006), little is known of the 
epidemiology of this parasite in Mexico. Varela et al. (1961) found dye 
test antibodies in 52.2% of cats in Mexico, but they provided no other 
details about the cats. Galvan Ramirez et al. (1999) reported that 64% 
of 59 cat owners and 70.8% of their cats in Guadalajara had T. gondii 
antibodies. Toxoplasma gondii oocysts were found in the feces of 13 
of 200 cats from Mexico (de Aluja and Aguilar, 1977). For epidemio-
logic studies, serologic surveys in cats are more useful than the detec-
tion of oocysts, because at any given time only 1 % of cats shed oocysts 
in their feces (Dubey, 2004). In the present study, 21 % of cats were 
seropositive for T. gondii, and they likely were shedding oocysts, there-
by contaminating the environment. 
We thank O. C. H. Kwok and L. A. Bandini for technical assistance. 
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Prevalence of Neospora caninum and Toxoplasma gondii Antibodies in Wild Ruminants 
From the Countryside or Captivity in the Czech Republic 
E. Bartova, K. Sedlak*, I. Pavlikt, and I. Literak, Department of BiOlogy and Wildlife Diseases, University of Veterinary and Pharmaceutical 
Sciences, Palackeho 1/3, Brno 612 42 Brno, Czech Republic. *Department of Virology and Serology, State Veterinary Institute Prague, Sidlistni 
136/24, 16503 Prague 6, Czech Republic. tVeterinary Research Institute, Hudcova 70, 621 32 Brno, Czech Republic. e-mail: bartovae@vfu.Gz 
ABSTRACT: In the Czech Republic, sera from 720 wild ruminants were 
examined for antibodies to Neospora caninum by screening competi-
tive-inhibition enzyme-linked immunosorbent assay and confirmed by 
indirect fluorescence antibody test (IFAT); the same sera were also ex-
amined for antibodies to Toxoplasma gondii by IFAT. Neospora can-
inum antibodies were found in 14% (11 positive179 tested) roe deer 
(Capreolus capreolus), 14% (2/14) sika deer (Cervus nippon), 6% (241 
377) red deer (Cervus elaphus), 1% (2/143) fallow deer (Dama dama), 
3% (3/105) mouflon (Ovis musimon), and none of 2 reindeer (Rangifer 
tarandus). Toxoplasma gondii antibodies were found in 50% (7/14) sika 
deer, 45% (169/377) red deer, 24% (19179) roe deer, 17% (24/143) fal-
low deer, 9% (9/105) mouflon, and 1 of 2 reindeer. In 42 samples of 
wild ruminants that tested positive for N. caninum antibodies, 28 (67% 
of the positive N. caninum samples) reacted solely to N. caninum. This 
is the first evidence of N. caninum infection in mouflon, the fir&,t N. 
caninum seroprevalence study in farmed red deer, and the first survey 
of N. caninum in wild ruminants from the Czech RepUblic. 
Toxoplasma gondii and Neospora caninum are 2 closely related pro-
tozoan parasites that are distributed worldwide. Both species have an 
indirect life cycle, with carnivores as the definitive hosts (Dubey and 
Beattie, 1988; Dubey, 2003). Definitive hosts of N. caninum are dogs 
and coyotes (Canis latrans) that excrete oo~ysts in feces (Dubey, 2003; 
Gondim, 2004). Wild herbivores are suggested to playa role of inter-
mediate hosts in the sylvatic cycle of N. caninum infection (Gondim, 
2006). In North America, antibodies against N. caninum have been 
found in white-tailed deer (Odocoileus virginianus), moose (Alces al-
ces), caribou (Rangifer tarandus), bison (Bison bison), and muskox 
(Ovibos moschatus) (Dubey et al., 1999; Lindsay et aI., 2002; Gondim 
et aI., 2004; Dubey and Thulliez, 2005). In Europe, antibodies against 
N. caninum were detected in red deer (Cervus elaphus), roe deer (Ca-
preolus capreolus), chamois (Rupicapra rupicapra), Alpine ibex (Capra 
ibex), Barbary sheep (Ammotragus lervia), and in European bison (Bi-
son bonasus; Ferroglio and Rossi, 2001; Ferroglio et aI., 2001; Cabaj 
et aI., 2005; Almeria et aI., 2006). 
Definitive hosts of T. gondii are cats and other felids (Dubey and 
Beattie, 1988). Many species of warm-blooded animals, including hu-
mans, serve as intermediate hosts; hosts can be infected by ingestion 
of food or water contaminated with sporulated T. gondii oocysts ex-
creted by the definitive host, by consumption of cysts in infected ani-
mals tissues, or congenitally (Dubey and Beattie, 1988). As herbivorous 
animals, the wild ruminants are a good indicator for the monitoring of 
environmental contamination with T. gondii oocysts. Meat or venison 
of wild ruminants infected with T. gondii could serve as a potential 
source of toxoplasmosis for other animals, especially carnivores, in-
cluding humans. Toxoplasmosis infection was documented in deer hunt-
ers from the United States after ingesting undercooked or raw deer 
venison (Sacks et al., 1983; Ross et al., 2001). In North America, an-
tibodies against T. gondii have been found in white-tailed deer, black-
tailed deer (Odocoileus hemionus), marsh deer (Blastocerus dichoto-
mus), pampas deer (Ozotocerus bezoarticus), moose, caribou, bison, 
Dall sheep (Ovis daZZi), and muskox (Lindsay et aI., 1991; Chomel et 
al., 1994; Ferreira et ~., 1997; Kutz et al., 2000, 2001; Zarnke et al., 
2000). In Europe, antibodies to T. gondii have been reported in red deer, 
roe deer, fallow deer (Dama dama), reindeer (Rangifer tarandus), 
moose, chamois, mouflon (Ovis musimon) , Spanish ibex (Capra pyr-
enaica) , and Barbary sheep (Catar, 1972; Kapperud, 1978; Williamson 
and Williams, 1980; Hejlicek et aI., 1997; Oksanen et aI., 1997; Sroka, 
2001; Vikoren et aI., 2004; Gauss et aI., 2006). 
The aim of this study was to survey the seroprevalence N. caninum 
and T. gondii antibodies in wild ruminants from the countryside and 
captivity in the Czech Republic. During 1998-2006, sera from 720 wild 
ruminants from 11 of 14 existing Czech regions (Prague, Stredocesky, 
Ustecky, Karlovarsky, Plzensky, Jihocesky, Liberecky, Vysocina, Mo-
ravskoslezsky, Olomoucky, and Jihomoravsk) were collected. 
Wild ruminants came from game preserves (a fenced hunting district 
with more than 50 ha, where animals are bred mostly for hunting pur-
poses but can, in some cases, be released into the wild), farms (fenced 
area, where the size is not limited, but usually is smaller than game 
preserves; animals are bred as farm animals), or free range. 
Blood samples were taken from 377 red deer, primarily from 4 farms 
and 4 game preserves (but in 1 case, a free-ranging animal), 79 free-
ranging roe deer, and in 10 cases, from 2 game preserves; 14 sika deer 
(Cervus nippon) from 2 game preserves; 143 fallow deer from 6 game 
preserves and 79 free-ranging cases; 76 free-ranging mouflons and 29 
from 2 game preserves; and 2 reindeer from 1 farm. The blood samples 
were obtained from blood vessels of animals before transportation or 
from hearts of animals that were shot during hunting seasons. 
Blood was centrifuged and sera were stored at -20 C until assayed 
for antibodies to N. caninum and T. gondii. A commercial competitive-
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TABLE 1. Prevalence of N. caninum (cELIS A, IFAT) and T. gondii (IFAT) in wild ruminants from The Czech Republic. 
Neospora caninum Toxoplasma gondii IFAT-positive 
Inhibition Antibody for both 
Positive Positive Prevalence range Positive Prevalence titer N. caninum and 
Species Examined (cELISA) (IFAT) * (%)t (cELISA) Examined (lFAT) (%) range T. gondii 
Red deer (Cervus elaphus) 377 24 24 6 30.4-85 377 169 45 40-640 18/377 (5%) 
Sika (Cervus nippon) 14 2 2 14 34-56 14 7 50 80-320 0114 (0%) 
Fallow deer (Dama dama) 143 6 2 30.9-39 143 24 17 40-160 21143 (1%) 
Roe deer (Capreolus ca-
preolus) 79 12 11 14 59-91 79 19 24 40-160 7179 (9%) 
Mouflon (Ovis musimon) 105 4 3 3 45-56 105 9 9 40-320 1/105 (1%) 
Reindeer (Rangifer taran-
dus) 2 0 0 0 0 2 50 80 0/2 (0%) 
Total 720 48 42 6 30.4-91 720 229 32 40-640 141720 (4%) 
* For confirming. the samples positive in screening cELISA were examined by IFAT. 
t Prevalence was counted from samples that were positive in both of the tests. 
inhibition enzyme-linked immunosorbent assay (cELISA; VMRD, Pull-
man, Washington) was used for detection of N. caninum antibodies in 
wild ruminants according to the manufacturers' instructions. The sera 
were positive if more than 30% inhibition was found. To confirm results 
in cELIS A with a more sensitive method, the positive sera were retested 
by direct fluorescence antibody test (IFAT) with a commercially avail-
able Neospora NIFR antigen (VMRD), anti-deer IgG, and anti-goat IgG 
conjugate (VMRD). The sera were diluted in a 2-fo1d series starting at 
1:50 as a basic dilution; a titer 2:1:50 was considered positive. Only 
animals that were positive to both tests were considered positive. 
Toxoplasma gondii antibodies were detected in sera by IFAT with a 
commercially available antigen Sevatest toxoplasma NIFR (Sevaphar-
ma, Prague, The Czech Republic) and anti-deer IgG conjugate (KPL 
Inc., Gaithersburg, Maryland) and anti-goat IgG conjugate (VMRD). 
The sera were diluted in a 2-fold series starting at 1:40 as a basic 
dilution; a titer 2: 1 :40 was considered positive. 
The results of a serologic survey of N. caninum and T. gondii anti-
bodies (prevalence, inhibition, and titer ranges) in wild ruminants in the 
Czech Republic are presented in Table I. This report presents the first 
evidence of N. caninum infection in mouflon; Almeria et al. (2006) 
examined 27 mouflons from Spain, but with negative results. The high-
est prevalence of N. caninum was observed in roe deer and sika deer, 
followed by red deer, and low prevalence in fallow deer and mouflons. 
Similar results were reported by Almeria et aI. (2006) from Spain. Neo-
spora caninum antibodies were found in 12% (28/237) of the red ,deer 
and in 6% (2133) of the roe deer; mouflon and fallow deer were nega-
tive. A possible explanation for higher prevalence in roe deer and red 
deer might be related to their grazing in the lowlands close to human 
settlements, where conditions are more conductive to N. caninum trans-
mission. Wild ruminants probably become infected by ingesting food 
or water contaminated by N. caninum oocysts excreted by canids in the 
area (Almeria et al., 2006). On the other hand, wild or domestic dogs 
in rural areas could be infected by eating offal from wild ruminants left 
in the forest by hunters. M I 
Positive reaction in IFAT for both N. caninum and T. gondii were 
observed in 4% of examined animals (Table I). In 42 samples of wild 
ruminants that tested positive for N. caninum antibodies, 28 (67% of 
the positive N. caninum samples) reacted solely to N. caninum. Simi-
larly, Almeria et aI. (2006) found that 70% of their positive samples 
reacted solely to N. caninum, indicating less cross-reaction between 
these 2 closely related parasites. 
Here, we also present the first evidence of T. gondii antibodies in 
sika deer and reindeer in the Czech Republic. We can compare our 
results with a previous T. gondii seroprevalence study in a group of 
wild ruminants in the Czech Republic that was done in South Bohemia 
during 1981-1990 (Hejlicek et aI., 1997). Sera of fallow deer, red deer, 
roe deer, and mouflons were examined by the Sabin-Feldman dye test, 
with 100% (3/3), 15% (46/303), 14% (13195), and 10% (2/20) preva-
lence, respectively. We found a higher prevalence in red deer (45%) 
and roe deer (24%), but lower in fallow deer (16.8%) and mouflons 
(8.6%). Red deer from our study came mostly from farms and game 
preserves, whereas in the previous study (Hejlicek et aI., 1997), most 
of the animals were free ranging. Fenced areas, especially farms, are 
usually smaller, and cats had greater access to these areas. The main 
source of T. gondii infection for wild ruminants is feedstuff (grass, hay, 
or commercial feed) or water contaminated with T. gondii oocysts 
passed by felids in their feces (Dubey and Beattie, 1988). Other carni-
vores are also at risk for T. gondii infection, as well as humans after 
consumption of meat or offal from wild ruminants that are infected by 
T. gondii (Sacks et aI., 1983; Ross et al., 2001). 
Similar to Almeria et aI. (2006), we found that animals from certain 
farms or game preserves were more infected than animals from other 
localities. We can conclude that T. gondii and N. caninum infection are 
enzootic in character. In our study, the majority of red deer came from 
2 large farms (Le., 1 farm from the Stredocesky region, where 9 and 
51 % of 141 examined animals had antibodies against N. caninum and 
T. gondii, respectively, and another farm in the Plzensky region, where 
188 animals were examined, with 4 and 41 % N. caninum and T. gondii 
prevalence, respectively. All positive samples in sika deer were found 
in 1 game preserve (animals were previously imported from Germany) 
in the Vysocina region, with 20 and 70% (of 10 examined animals) N. 
caninum and T. gondii prevalence, respectively. All N. caninum- and 
T. gondii-positive samples in roe deer were found in animals from 1 
game preserve in the Plzensky region, with 33% (1/3) of both N. can-
inum and T. gondii prevalence, and from free-ranging animals in the 
Vysocina region, where 16 and 26% of 69 ruminants had antibodies 
against N. caninum and T. gondii, respectively. All N. caninum-positive 
samples and the majority of all T. gondii-positive samples from mou-
flons were found in free-ranging animals from the Ustecky region, 
where 25% (3112) and 42% (5/12) had antibodies against N. caninum 
and T. gondii, respectively, and from the Stredocesky region, where 
prevalences were 6% (1/17) for N. caninum and 12% (2/17) for T. 
gondii. Finally, half of all T. gondii-positive fallow deer came from a 
single game preserve in the Stredocesky region, where 29% (of 41 
examined animals) were positive. 
This work was supported by the Ministry of Education, Youth and 
Sports of the Czech Republic (MSM6215712402) and Ministry of Ag-
riculture of the Czech Republic (MZE0002716201). 
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ABSTRACT: A survey was undertaken to identify metazoan ectoparasite 
species on the European flounder, Platichthys flesus (Linnaeus, 1758), 
in 4 different locations off the north-central Portuguese coast. Parasites 
of 7 different taxa were found: Caligus diaphanus, Caligus sp., and 
Lepeophtheirus pectoralis (Copepoda: Caligidae); Acanthochondria 
cornuta (Copepoda: Chondracanthidae); Holobomolochus con/usus 
(Copepoda: Bomolochidae); Nerocila orbignyi (Isopoda: Cymothoidae); 
and praniza larvae (Isopoda: Gnathiidae). Lernaeocera branchialis, a 
common European flounder parasite in the North and Baltic Seas, was 
not observed among the surveyed fish. Caligus diaphanus, Caligus sp., 
and Nerocila orbignyi are new host records. The high prevalence and 
intensity values recorded for L. pectoralis and A. cornuta suggest that 
both parasite species are common to the European flounder along the 
north-central Portuguese coast. In contrast, infection levels with respect 
to the other parasite taxa were, in most cases, comparatively lower, 
thereby indicating that they only occur occasionally among flounders 
in the surveyed area. 
The European flounder Platichthysflesus (Linnaeus, 1758) (Teleostei: 
Pleuronectidae) is a catadromous flatfish species that spends much of 
its life cycle in estuarine and brackish aquatic environments, going to 
the open sea to spawn in early spring. Its geographic distribution ex-
tends along the Atlantic coast, from the White Sea in the north, to 
northern Africa in the south, including also the Mediterranean and the 
Black seas (Lucas and Baras, 2001). It is an important species to the 
Portuguese fisheries, occurring along the entire coast of Portugal (Sobral 
and Gomes, 1997). 
Several metazoan ectoparasite species have already been recorded on 
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TABLE 1. Metazoan ectoparasitic species recorded for the European flounder Platichthys flesus (Linnaeus, 1758) in different studies of the literature 
and respective prevalence values (range). 
Group: Family 
Species Geographic location Prevalence (%) Reference 
Monogenea: Gyrodactylidae 
Gyrodactylus unicopula Glukhova, 1955 
Gyrodactylus flesi Malmberg, 1957 
Gyrodactylus sp. 
Copepoda: Caligidae 
Caligus curtus Miiller, 1785 
Caligus elongatus von Nordmann, 1832 
Lepeophtheirus pectoralis (Miiller, 1777) 
Lepeophtheirus europaensis (Zeddam, Berre-
bi, Renaud, Raibaut, and Gabrion, 1988) 
Copepoda: Pennellidae 
Lernaeocera branchialis (L.) 
Copepoda: Chondracanthidae 
Acanthochondria corn uta (Miiller, 1776) 
Acanthochondria soleae (Krj1Syer, 1838) 
Acanthochondria limandae (Krj1Syer, 1863) 
Copepoda: Bomolochidae 
Holobomolochus confusus (Stock, 1959) 
Isopoda: Gnathiidae 
Gnathia sp. 
* Present. 
Baltic Sea 
North Sea 
Baltic Sea 
North Sea 
Norwegian Sea 
North Sea 
North Sea 
ythan Estuary 
Thames River 
Norwegian Sea 
Atlantic Ocean 
Mediterranean Sea 
Baltic Sea 
North Sea 
ythan Estuary 
Thames River 
Norwegian Sea 
North Sea 
ythan Estuary 
Atlantic Ocean 
Norwegian Sea 
Atlantic Ocean 
Atlantic Ocean 
Baltic Sea 
North Sea 
Atlantic Ocean 
the European flounder, P. flesus (L.), and reported in different studies 
of the literature (see Table I). However, for south European waters, only 
a single record indicating a flounder's infection by a new species, Le-
peophtheirus europaensis, in the Mediterranean Sea (Zeddam et ai., 
1988), and a survey reporting flounder's infection by 3 different ecto-
parasite species in the south-central Portuguese coast (Marques et al., 
2006), are known. Indeed, as far as we are aware, no parasitological 
survey has yet been conducted for flounders off the northern Portuguese 
coast, the geographic area where the economic income from flounder 
fishing is most important. Moreover, according to Lile et al. (1994), fish 
parasite communities often vary considerably in composition over short 
to moderate distances. Therefore, the main aim of the present study was 
to characterize the flounder's metazoan ectoparasite assemblage along 
the north-central Portuguese coast from different sampling locations. 
On 2 and 8 September 2005, 120 flounders from 4 locations off the 
north-central Portuguese coast, i.e., Viana do Castelo (VC) (41 0 40'N, 
8°50'W), Matosinhos (M) (41 0 1O'N, 8°42'W), Aveiro (A) (400 38'N, 
8°45'W), and Figueira da Foz (FF) (400 8'N, 8°52'W) (Fig. 1), were 
collected for examination of metazoan ectoparasites. In each location, 
30 fish were collected by random sampling from the nets of local fishing 
boats. All the fish were kept frozen at -20 C until they could be ex-
amined. Each specimen was weighed (mean ± SD [minimum-maxi-
0.4-2.0 Chibani and Rokicki, 2004; Chibani et ai., 2005 
* MacKenzie and Gibson, 1970 
0.1-0.5 Chibani and Rokicki, 2004; Chibani et ai., 2005 
1.1 Schmidt, 2003 
* Lile et al., 1994 
3.3-28 Boxshall, 1974; Schmidt, 2003 
78.4-96 Boxshall, 1974; Schmidt, 2003 
* MacKenzie and Gibson, 1970 
0.5-13.3 EI-Darsh and Whitfield, 1999 
* Lile et ai., 1994 
52.5-79.4 Marques et ai., 2006 
* Zeddam et al., 1988 
4-88 Kj1Sie, 1999 
67-92.6 Boxshall, 1974; Schmidt, 2003 
* MacKenzie and Gibson, 1970 
8.9 EI-Darsh and Whitfield, 1999 
* Lile et al., 1994 
50-63.7 Boxshall, 1974; Schmidt, 2003 
* MacKenzie and Gibson, 1970 
10.5-76.3 Kabata, 1959; Marques et al., 2006 
* Lile et al., 1994 
* Kabata, 1959 
* Kabata, 1959 
32 Kj1Sie, 1999 
4.7 Schmidt, 2003 
1.3 Marques et al., 2006 
mum] = 279.2 ± 172.8 [160.7-1,090.4] g [VC]; 314.5 ± 217.6 [139.4-
1,124.0] g [M]; 267.4 ± 122.0 [113.6-613.8] g [A]; 409.9 ± 207.3 
[158.4-836.2] g [FF)), measured (27.6 ± 3.7 [24.2-42.8] cm [VC]; 28.7 
± 4.9 [23.5-42.7] cm [M]; 27.5 ± 4.3 [19.8-38.6] cm [A]; 30.9 ± 5.0 
[23.6-41.6] cm [FF)), and sexed (20 males and 10 females [VC]; 10 
males and 20 females [M]; 9 males and 21 females [A]; 11 males and 
19 females [FF)). The body skin, eyes, fins, branchial chambers (sub-
opercular surfaces, walls, gill arches, and pseudobranchiae), and nasal 
and buccal cavities were examined for metazoan ectoparasites using a 
stereomicroscope. Collected specimens were cleaned and then fixed in 
70% alcohoi. Later, copepods were cleared in 90% lactic acid (Humes 
and Gooding, 1964). Parasites were identified according to Naylor 
(1972) and Bruce (1987) for Isopoda, and to Kabata (1979, 1992) for 
Copepoda. It was not possible to identify the gnathiid pranizae at the 
species level because the identification keys require adult male speci-
mens that were not found in our survey. Nevertheless, all the female 
larvae presented the same morphological type, which is, presumably, 
an indication of a single species. 
After evaluating the sites of parasite infection on the host's body 
surface, the following ecological parameters were determined according 
to Bush et ai. (1997) for each of the 4 sampled locations: prevalence 
(number of infected fish/percentage of infected fish [95% confidence 
TABLE II. Metazoan ectoparasitic taxa recorded on flounders from the 4 sampled locations off the north-central Portuguese coast, their sites of infection, infection parameters (number of 
infected fish/prevalence [95% confidence intervall%, mean intensity ± SD [range]), and first-order jackknife estimator of species richness (estimated richness ± SD [N = 30 fish for all 
sampled locations]). 
Parasite group 
Family 
Copepoda 
Caligidae 
Chondracanthidae 
Bomolochidae 
Isopoda 
Cymothoidae 
Gnathiidae 
Taxa 
Caligus diaphanus 
Caligus sp. 
Lepeophtheirus pectoralis 
Acanthochondria cornuta 
Holobomolochus confusus 
Nerocila orbignyi 
Praniza larvae 
Estimated richness 
SJK 
Host site* Viana do Castelo 
B 
B;F 
B;F 6/20 (8-39) 
7.2 ± 7.2 (1-19) 
B; F; 5/17 (6-35) 
SOS; GA; P 22.0 ± 12.8 (5-41) 
NC 
F;GA 
B;F;BC;GA 20/67 (47-83) 
1.7 ± 0.9 (1-4) 
3 ± 0.0 
* B, body; BC, buccal cavity; F, fins; GA, gill arches; NC, nasal cavities; P, pseudobranchiae; SOS, subopercular surfaces. 
Sampled location 
Matosinhos Aveiro Figueira da Foz 
113 (0-17) 
(1) 
5/17 (6-35) 
(1) 
30/100 (88-100) 29/97 (83-100) 28/93 (78-99) 
14.1 ± 9.9 (3-53) 7.6 ± 6.9 (1-34) 9.5 ± 10.0 (1-50) 
301100 (88-100) 29/97 (83-100) 301100 (88-100) 
47.6 ± 22.6 (8-96) 34.4 ± 24.2 (2-110) 38.1 ± 25.9 (4-104) 
113 (0-17) 
(1) 
3/10 (2-27) 
(1) 
113 (0-17) 
(3) 
6 ± 1.0 6 ± 1.3 2 ± 0.0 
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FIGURE 1. Geographic location of the 4 sampled areas (VC, Viana do Castelo; M, Matosinhos; A, Aveiro; and FF, Figueira da Foz) along the 
north-central Portuguese coast. 
interval]) and mean intensity ± SD (range). Besides that, the first-order 
jackknife estimator of species richness (S,d rounded to the nearest in-
teger and respective standard deviation values were evaluated using 
EstimateS software (Colwell, 2005). 
Parasites of 7 different taxa were identified on the flounders exam-
ined: Caligus diaphanus von Nordmann, 1832, Caligus sp., and Lepeo-
phtheirus pectoralis (Milller, 1777) (Copepoda: Caligidae); Acantho-
chondria cornuta (Milller, 1776) (Copepoda: Chondracanthidae); Ho-
lobomolochus confusus (Stock, 1959) (Copepoda: Bomolochidae); Ner-
ocila orbignyi (Guerin-Meneville, 1832) (Isopoda: Cymothoidae); and 
praniza larvae (Isopoda: Gnathiidae) (Table II). Infected host specimens 
were quite common, varying from 21 fish (70 [51-85]%) off Viana do 
Castelo to 30 fish (100 [88-100]%) off Matosinhos, Aveiro, and Fi-
gueira da Foz. Multiple infections were more frequent off Matosinhos, 
with all the infected host specimens (30 fish/100 [88-100]%) harboring 
more than 1 parasite species, followed by A veiro and Figueira da Foz 
(28 fish/93 [78-99]%), and Viana do Castelo (7 fish/23 [10-42]%). 
Copepod specimens were found on 7 (23 [10-42]%) fish off Viana do 
Castelo and all (30/100 [88-100]%) fish off Matosinhos, Aveiro, and 
Figueira da Foz. Isopods were found on 20 (67 [47-83]%), 3 (10 [2-
27] %), and 1 (3 [0-17] %) fish off Viana do Castelo, Matosinhos; and 
Aveiro, respectively. In contrast to what was previously described for 
the northern Europe flounder popUlations, and similar to what was ob-
served in the south-central Portuguese coast, neither Lernaeocera bran-
chialis (L.) nor any monogenean species was found during our study. 
The infection of the European flounder P. fiesus off the north-central 
Portuguese coast by ectoparasitic metazoans seems to be quite common, 
judging by the total number of infected fish found in our study. Fur-
thermore, copepods were the most frequellt' parasites, whereas the iso-
pods occurred only on rare occasions. With the exception of C. dia-
phanus, Caligus sp., and N. orbignyi, which, as far as we know, are 
new host records, all the other species have already been recorded on 
flounders from the Atlantic Ocean, and from the North, Norwegian, and 
Baltic seas. 
The number of parasitic species recorded varied across locations, 
ranging between 2 and 5. However, while in VC and FF the observed 
and estimated richness values coincided, in M and A they did not, 
thereby indicating that the true species richness for the latter locations 
is higher than the one observed in our survey. The minimum value 
documented for the observed species richness was recorded for Lepeo-
phtheirus pectoralis and A. cornuta, 2 species common to all the sam-
pled locations. In fact, prevalence and intensity values recorded for 
these 2 species suggest that they are probably common parasites of 
flounders throughout the north-central Portuguese coast. Both copepods 
were dominant off Matosinhos, A veiro, and Figueira da Foz, whereas 
off Viana do Castelo the highest prevalence value was recorded for 
gnathiid pranizae. In the North Sea, Lepeophtheirus pectoralis and A. 
cornuta also appear to be common parasites of the European flounder 
(Boxshall, 1974; Schmidt, 2003). All other identified parasites, i.e., C. 
diaphanus, Caligus sp., H. confusus, and N. orbignyi, exhibited com-
paratively lower prevalence and total intensity values, indicating that 
they are probably not common in flounders from the studied area. For 
the latter 4 species, differences in host age may help to explain their 
diverse occurrence on the fish samples. Moreover, all were absent from 
FF, the sampling location where older fish, i.e., fish possessing higher 
mean total weight and length values, were collected. The absence of 
Lernaeocera branchialis, a parasite that can constitute a severe pest 
with significant economic impact (Kabata, 1979), is noteworthy, since 
this species is a common parasite on flounders from the North (Schmidt, 
2003) and Baltic Seas (Kl'lie, 1999). This result is probably related to 
the absence of the main definitive host species (gadoid fishes) from the 
area under study (Kabata, 1979; Svetovidov, 1986). 
We thank the Portuguese Science and Technology Foundation for 
HC.'s grant SFRHlBM/23063/2005, and David Gibson, Nuno Forrnigo, 
and 2 anonymous referees for their valuable comments on the manu-
script. 
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ABSTRACT: Sarcocystis neurona is the most important cause of equine 
protozoal myeloencephalitis (EPM), a neurologic disease of the horse. 
In the present work, the kinetics of S. neurona invasion is determined 
in the equine model. Six ponies were orally inoculated with 250 X 106 
S. neurona sporocysts via nasogastric intubation and killed on days 1, 
2, 3, 5, 7, and 9 postinoculation (PI). At necropsy, tissue samples were 
examined for S. neurona infection. The parasite was isolated from the 
mesenteric lymph nodes at 1, 2, and 7 days PI; the liver at 2, 5, and 7 
days PI; and the lungs at 5, 7, and 9 days PI by bioassays in interferon 
gamma gene knock out mice (KO) and from cell culture. Microscopic 
lesions consistent with an EPM infection were observed in brain and 
spinal cord of ponies killed 7 and 9 days PI. Results suggest that S. 
neurona disseminates quickly in tissue of naive ponies. 
Equine protozoal myeloencephalitis (EPM) is a serious neurologic 
disease and Sarcocystis neurona is the moijt .important cause (Dubey et 
al., 1991). Sarcocystis neurona has a 2-host life cycle, including a meat-
eating definitive host, the opossums Didelphis virginiana and Didelphis 
albiventris (Dubey, Lindsay, Kerber et aI., 2001; Dubey, Lindsay, Sa-
ville et al., 2001). There is a wide range of intermediate hosts, including 
the raccoon (Dubey, Saville et aI., 2001), armadillo (Cheadle, Tanhauser 
et aI., 2001), skunk (Cheadle, Yowell et aI., 2001), sea otter (Dubey et 
aI., 2002), and the domestic cat (Dubey and Hamir, 2000; Dubey et al., 
2000; Turay et al., 2002). The horse is considered an aberrant inter-
mediate host (Dubey, Lindsay, Saville et aI., 2001). Schizonts and mer-
ozoites are the only stages known in the horse, and they are found only 
in the central nervous system (CNS) following an uncharacterized mi-
gratory route. Attempts to demonstrate S. neurona in tissues of horses 
fed sporocysts have been unsuccessful despite the fact that horses de-
veloped neurological signs (Fenger et al., 1997; Lindsay et aI., 2000; 
Cutler et aI., 2001; Saville et aI., 2001; Sofaly et al., 2002). In the 
present article, we have attempted to follow the migration of S. neurona 
in tissues of ponies by orally inoculating them with large numbers of 
sporocysts and examining at shorter postchallenge intervals. 
Eight seronegative ponies (Table I) were randomly assigned to treat-
ment (n = 6) or control (n = 2) groups and housed in separate stalls. 
Neurologic examinations were conducted before the initiation of the 
project and daily there after, including the date of termination. The 
examinations were performed by a coauthor (S.M.R.). Physical exam-
inations were also performed daily. On day 0, cerebral spinal fluid 
(CSF) and blood samples were collected from each horse, and treatment 
ponies were inoculated with sporocysts via nasogastric intubation with 
250 X 106 sporocysts (25 ml) and 120 ml doses of phosphate buffered 
saline (PBS) to ensure complete dosing. The sporocysts were of the 
raccoon isolate SN 37-R and had been obtained from the intestines of 
the laboratory-raised opossums fed tissues of experimentally infected 
raccoons as described (Sofaly et aI., 2002; Stanek et al., 2002). 
Control ponies were given saline solution (25 ml) and 120 ml doses 
of PBS via the nasogastric tube. Disposable gloves and plastic boots 
were used upon entrance into the control ponies' stalls to avoid cross-
contamination and were immediately discarded afterwards. An empty 
stall was maintained between the control ponies and treatment ponies 
as well. Blood for serology was collected daily (days 1-9) and for buffy 
coat culture on terminal dates. Treatment ponies were randomly as-
signed to serial killing on days 1, 2, 3, 5, 7, and 9 PI, and the control 
ponies were killed on days 3 and 9 PI. Ponies were humanely killed 
with an overdose of Euthasol euthanasia solution (Delmarva Labora-
tories, Midlothian, Virginia), and CSF was collected via the atlanto-
occipital space at postmortem. 
Necropsy was performed on all ponies. At necropsy, samples of lung, 
liver, mesenteric lymph nodes, and mesenteric artery were removed 
aseptically for S. neurona isolation. Additional tissue samples were 
fixed in 10% buffered formalin for routine microscopic examination, 
including the heart, lung, diaphragm, liver, spleen, adrenal gland, kid-
ney, tongue, mesenteric lymph node, mesenteric artery, cecum, sciatic 
T ABLE I. Sarcocystis neurona in tissues of ponies detected by parasite 
isolation. 
Bioassay in KO mice 
Pony Day PI MLN* 
6459 3/5:1: 
6460 2 5/5 
661711 3 0/5 
6453 3 0/5 
6570 5 0/5 
6451 7 0/5 
744 9 0/5 
74211 9 ND 
• MLN, mesenteric lymph node. 
t eNS, central nervous system. 
Liver Lung 
0/5 ND§ 
1/5 ND 
1/5# ND 
0/5 ND 
4/5 2/2 
2/5 2/2 
0/5 0/5 
ND ND 
CNSt Cell culture 
0/5 Negative 
0/5 Positive'll 
0/5 Negative 
0/5 Negative 
0/5 Negative 
0/5 Positive'll 
0/5 Positive** 
ND Negative 
:j: No. of mice with demonstrable S. neurona merozoitesfno. of mice inoculated 
with pony tissues. 
§ ND, not done. 
II Negative control ponies. 
# Mouse died from bacterial meningitis; no parasites detected in its tissues. 
'll Positive in mesenteric lymph nodes. 
** Positive in lung. 
nerve, and quadriceps. The entire small intestine was removed and 
cross-sectioned at the ileum, jejunum, and duodenum regions, and mul-
tiple sections from each region were placed in 10% buffered formalin. 
Finally, brain and spinal cord (with dura intact) were removed and sam-
pled for protozoan isolation, followed by fixation in 10% buffered for-
malin for microscopic examination (Saville et aI., 2004). All tissues 
were paraffin-embedded and sections were stained with hematoxylin 
and eosin (H & E) for microscopic evaluation. Histologic evaluation 
sampled the brain stem at 4 levels (thalamus, mesencephalon, meten-
cephalon, and myelencephalon) and the cervical, thoracic, lumbar, and 
sacral spinal cord at 7, 7, 5, and 2 levels, respectively. 
Sarcocystis neurona immunoblot analysis was used to detect IgM-
specific antibodies in serum for ponies nos. 6451 ,744, and 742 at prein-
oculation as well as at 3, 5, 7, and 9 days PI, and in CSF for a ll 
treatment ponies and I control pony (no. 742) preinoculation and at 
postmortem. The immunoblot was performed as previously described 
with slight modifications to incorporate the S. neurona antigen (isolate 
SN-UCDI) and facilitate IgM antibody detection (Granstrom et aI., 
1993; Marsh et aI., 2001, 2004; Murphy et aI., 2006). A positive control 
horse serum and CSF was used (Sofaly et aI., 2002). • 
For isolation of S. neurona in cell culture, sections of brain, lung, 
liver, mesenteric lymph nodes, mesenteric artery, and spinal cord were 
immediately processed separately following necropsy as previously de-
scribed (Dubey et aI., 199]). The dura mater of spinal cord was opened, 
and 0.5 cm cross section segments of spinal cord representing spinal 
cord segments at C I_2, C 3-4' Cs-6 , C7- T
" 
T4_5, Ts-9, T,,_I3, L ,_2, L 3_4 , and 
L7-S2 were removed. Tissue samples were washed with antibacterial/ 
antifungal wash, placed in 4 C sterile phosphate solution, and stored at 
4 C until ready for processing onto cell'culture. The buffy coat from 
10 ml whole blood was removed with a sterile pipette, mixed with 4 
ml of sterile RPMI protozoal media 1640 (Gibco, Grand Island, New 
York), and then inoculated onto a monolayer of equine dermal cells for 
protozoal isolation (Dubey et aI. , 199 I). The cells were allowed to cul-
ture for 88-97 days (Dubey et aI., 1999). Positive cell cultures were 
determined by inverted microscope followed by confirmation of mero-
zoite presence in media using cytocentrifugation, followed by Dif·Quick 
staining (lMEB, Inc. , San Marcos, California) to observe merozoites. 
Tissues (Table I) were shipped on ice to the USDA laboratory (Belts-
ville, Maryland) for bioassay in interferon gamma gene knock out (KO) 
mice (BALB/c-Ifngtm'T', females, 6 to 12 wk old, Jackson Laboratories, 
Bar Harbor, Maine). Tissues were homogenized in 0.85% sodium chlo-
ride aqueous solution and inoculated s.c. into KO mice (Sofaly et aI., 
2002). Mice were observed for 60 days unless they exhibited neurologic 
symptoms, at which point they were killed, and their cerebellum pro-
cessed for S. neurona immunohistochemistry (IHC). Selected pony tis-
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9 DPI Pos. t Control 
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FIGURE I. Reactivity of sera from ponies inoculated with S. neurona 
sporocysts. Immunoblots from SDS-PAGE separated non-reduced S. 
neurona proteins. The antigens were probed with sera serially collected 
beginning with preinoculation (day 0) and 3, 5, 7, and 9 DPI*. Negative 
control is pony no. 742 (lane 3), which did not receive sporocysts during 
the study. In all categories, lane I corresponds to pony no. 6451, lane 
2 corresponds to pony no. 744, and lane 3 (control terminal) corre-
sponds to pony no. 742. All samples were diluted at 1: 10. Approximate 
molecular sizes are given at the margin in kDa. *DPI, days postinfec-
tion. tPositive control (lane 4). 
sue samples were also stained by IHC for S. neurona antigens as pre-
viously described by Dubey and Hamir (2000). 
All ponies appeared to be clinically normal at all postinoculation 
intervals, aside from some nonspecific physical signs of illness, such as 
fever and nasal and ocular discharge. Neurologic deficits were not noted 
in any of the ponies throughout the study. 
Sarcocystis neurona was isolated from tissue of the ponies by bio-
assay in KO mice and was isolated in cell culture from 2 ponies (Table 
I). Differences in results most likely are due to differences in the sen-
sitivities of each test and parasite distribution within each tissue. Sar-
cocystis neurona was isolated from mesenteric lymph node at 1, 2, and 
7 days PI; liver at 2,. 3, 5, and 7 days PI; and lung at 5, 7, and 9 days 
PI. Sarcocystis neurona was not found in any pony tissues sections 
stained with H & E or with S. neurona antibody. Additionally, only 
serum from pony no. 744 (killed 9 days PI) had IgM antibodies specific 
to S. neurona at 2 markers, 28 kDa and 15 kDa (Fig. I). 
Histologic tissue sections were examined by 2 coauthors (J .P.D. and 
MJ.O.). Lesions associated with protozoan infections were not found 
in ponies killed 1-5 day PI. Ponies killed at 7 and 9 days PI had foci 
of inflammation that are consistent with EPM infection. Pony no. 6451 
had a single focus of mild severity in the C 3_4 region of the spinal cord. 
The focus had moderate gliosis, but perivascular leukocytes were not 
observed. Pony no. 744 had multiple lesions of mild to moderate se-
verity observed in the cervical intumescence (C7-T,) and T ,2_ , 3 regions 
of the spinal cord, with foci of lesser severity in the thalamus, mesen-
cephalon, and metencephalon (pons region). The lesions within the spi-
nal cord consisted of moderate focal perivascular astro- and microgliosis 
with mononuclear cell infiltrate in the grey matter. The lesions within 
the brain were restricted to the grey matter and included focal glial 
nodule formation and perivascular increases in glial density. However, 
no parasites were detected by S. neurona-specific IHC staining on tis-
sues with lesions compatible with protozoal infection. 
Once it is ingested, the 2 possible routes that a parasite can take to 
reach distant organs are via the lymph, the portal blood, or both (Dubey 
et aI., 1989). In KO mice, the first generation of S. neurona schizogony 
occurs intravascularly in visceral tissues before invasion of the CNS. 
Mesenteric lymph node invasion is evidence of lymphatic dissemina-
tion, and liver and lung infections suggests hematogenous spread after 
oral inoculation. Although parasitemia was not directly evident within 
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this study, parasite isolation from the liver and lung suggest a hema-
togenous dissemination of the parasite. In the present study, serocon-
version for S. neurona-specific IgM was detected at 9 days PI, and this 
finding is confirmed in previous equine studies that have reported IgG 
immunoconversion at 8 days PI (Lindsay et al., 2000; Sofaly et aI., 
2002). Finally, although none of the ponies in this study had detectable 
anti-So neurona IgM antibodies in the CSF by 9 days PI, that finding 
is supported by similar findings in previous equine models, where the 
earliest reported CSF conversion occurred at 28 days PI (Fenger et al., 
1997). 
The results of the present study, and those in KO mice and in rac-
coons (Dubey, 2001a, 2001b; Stanek et aI., 2002) fed sporocysts, in-
dicate that S. neurona quickly travels from the gastrointestinal tract to 
the lymph nodes, within 24 to 48 hr. Mesenteric lymph node invasion 
is evident as early as 24 hr PI, and liver infection occurs as early as 2 
days PI. It is interesting to note that the only other time that S. neurona 
was isolated from the blood after oral inoculation of sporocysts at 21 
days PI from a severe immunocompromised disease (SCID) horse 
(Long et al., 2002). Our results suggest that parasitemia occurs at or 
before 2 days PI (as is evident in liver bioassays). Although S. neurona 
was not isolated from brain and spinal cord of the ponies, histologically, 
lesions in the CNS of ponies at day 7 and 9 PI were suggestive of an 
S. neurona invasion based upon characteristic tissue changes, correla-
tion to isolation from other tissues in KO mice or tissue culture, and 
comparable kinetics in previously reported KO mice and raccoon stud-
ies. This is the first time that S. neurona has been isolated from the 
mesenteric lymph nodes, liver, and lungs from either experimentally or 
naturally infected immunocompetent equids. 
This study was funded by a gift from American Live Stock Insurance 
Company, Geneva, Illinois, to S.M.R. The authors thank Bradd Barr, 
California Animal Health and Food Safety Laboratory, Davis, Califor-
nia, for confirmation of the IHC results. 
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A Human Case of Plagiorchis vespertilionis (Digenea: Plagiorchiidae) Infection in the 
Republic of Korea 
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Medicine, and Institute of Endemic Diseases, Seoul National University Medical Research Center, Seoul 110-799, Korea; *To whom 
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ABSTRACT: Plagiorchis vespertilionis (Digenea: Plagiorchiidae) is gen-
erally considered a bat parasite, but here it is reported for the first time 
in a human. The patient was a 34-yr-old male who lived in a coastal 
village of Haenam-gun (county), Jeollanam-do (province), Republic of 
Korea. Only 1 worm, 2.6 mm long and 0.7 mm wide, was recovered 
after praziquantel treatment and purging with magnesium salts. The 
fluke was characterized by a large body size, a sucker ratio of I: 1, a 
straight cirrus organ, a short distance between the ventral sucker and 
ovary, well-developed vitellaria, a uterus with descending and ascend-
ing loops, and fully developed eggs with an average size of 32.5 X 
17.5 fLm. The patient had habitually eaten the raw flesh of snakehead 
mullet and gobies that had been caught near his village. The present 
case represents the first record of a human P. vespertilionis infection. 
Species of Plagiorchis Liihe, 1899 (Digenea: Plagiorchiidae) are in-
testinal parasites of reptiles, birds, and mammals (Yamaguti, 1958), and 
their metacercariae are found in mosquito larvae, insect naiads, fresh-
water snails, and freshwater fish (Tanabe, 1922; Asada et aI., 1962; 
Komiya, 1965; Hong et aI., 1996; Chai and Lee, 2002). Human infec-
tions of Plagiorchis spp. are rare. Worldwide, only 11 natural human 
cases have been reported in the literature (Radomyos et aI., 1989; Hong 
et aI., 1996). The species responsible for human infections include Pla-
giorchis philippinensis in the Philippines (Sandground, 1940), Plagi-
orchis muris Tanabe, 1922 in Japan and the Republic of Korea (Asada 
et aI., 1962; Hong et aI., 1996), Plagiorchis javensis in Indonesia 
(Sandground, 1940), and Plagiorchis harinasutai in Thailand (Radom-
yos et aI., 1989). In addition to P. muris in Korean house rats (Seo et 
aI., 1964, 1981),7 other species have been reported in Korean bats, i.e., 
Plagiorchis vespertilionis (Miiller, 1780) Braun, 1900, Plagiorchis mag-
nacotylus Park, 1939, Plagiorchis orienta lis Park, 1939, Plagiorchis 
rhinolophi (Park, 1939), Plagiorchis koreanus Ogata, 1938, Plagiorchis 
kyushuensis Kifune and Sawada, 1979, and Plagiorchis corpulentus Ki-
fune and Sawada, 1979 (Park, 1939a, 1939b; Sogandares-Bernal, 1956; 
Kifune et aI., 1983). 
Plagiorchis vespertilionis was first described in the brown long-eared 
bat Plecotus auritus in Europe, and then in many countries, including 
the Republic of Korea (Sogandares-Bernal, 1956). A subspecies, named 
Plagiorchis vespertilionis parorchis, was described in the United States 
(Macy, 1960). The xiphidiocercariae of P. vespertilionis parorchis de-
velop in the snail intermediate host, Lymnaea stagnalis and encyst in 
mosquito larvae, caddis-fly larvae, mayfly larvae, and dragonfly 
nymphs (Macy, 1960). In addition, an attempted experimental infection 
of mice and hamsters with this species was successful, and adult flukes 
were harvested from the small intestine (Macy, 1960). During studies 
TABLE I. Morphological characteristics of Plagiorchis vespertilionis in the present specimen and those reported by previous workers. 
Organs 
Body length X width 
Sucker ratio 
Pharynx 
Esophagus 
Ceca 
Cirrus sac 
Cirrus 
Testis 
Ovary 
Vitellaria 
Uterus 
Eggs 
* Ventral sucker. 
The present specimen 
2.6 X 0.7 mm 
1.0:1.0 
0.14 X 0.15 mm 
Nearly absent 
Extend to near posterior extremity 
Extend from VS* to anterior part 
of ovary 
0.195 X 0.057 mm straight form 
Postovarian, oval 
Anterior testis: 0.184 X 0.2 mm 
Posterior testis: 0.23 X 0.23 mm 
Postacetabulum 
0.163 X 0.213 mm 
Extend to posterior end of worm 
With descending and ascending 
loops 
32.5 ::!: 1.3 X 17.5 ::!: 0.5 fLm 
Sogandares-Bernal (1956) 
2.7-4.8 X 0.8-1.6 mm 
1 :0.67-1: 1.39 
0.11-0.19 X 0.11-0.15 mm 
Variable in length or absent 
Extend into .posterior end of body 
Extend from VS to anterior part of 
ovary 
Not mentioned 
Rounded, postequatorial, oblique 
Anterior testis: 0.21-0.53 mm 
Posterior testis: 0.23-0.50 mm 
Rounded, postacetabulum 
0.17-0.27 mm 
Distributed lateral to ceca and 
extend to posterior end of worm 
With descending and ascending 
loops, intertesticular 
37 X 18 fLm 
Tkach et al. (2000) 
2.3-4.1 X 0.2-0.5 mm 
1.0:1.2 
Diameter: 0.1 mm 
Very short or none 
End 0.18 mm from body extremity 
Elongated and situated along the 
median body axis 
0.38-0.55 X 0.013-0.015 mm, coiled or 
straight form 
Postovarian, oval, and oblique 
Anterior testis: 0.26--D.33 X 0.15-0.23 mm 
Posterior testis: 0.25-0.35 X 0.16--D.24 mm 
Oval or rounded, median of cirrus sac 
0.14-0.26 X 0.10-0.21 mm 
Well developed and distributed on 
either side of body 
With descending and ascending loops 
29-34 X 16-21 fLm 
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FIGURE 1. Plagiorchis vespertilionis adult specimen collected from 
the described case. Acetocarmine stain. Scale bar = 0.6 mm. 
on intestinal fluke infections among residents of southern coastal areas 
of the Republic of Korea, we discovered a human case naturally in-
fected with P. vespertilionis, which is the first confirmed case of natural 
human infection by the parasite. 
The southern coastal area (Haenam-gun, Jeollanam-do) of the Re-
public of Korea was surveyed for human intestinal parasites between 
August and September 2003. Fecal samples were collected from resi-
dents and examined for helminth eggs and protozoan cysts using the 
Kato thick smear and formalin-ether sedimentation techniques (Beaver 
et aI., 1984). Results revealed a helminth egg or protozoan cyst prev-
alence of 37.9%; a considerable number of people were infected with 
Gymnophalloides seoi Lee, Chai and Hong, 1993, heterophyid flukes, 
and other parasites (data not shown). 
To identify the adult flukes, people shedding presumed gymnophallid 
and heterophyid eggs (n = 11) were treated orally with 10 mg/kg of 
praziquantel in a single dose and purged with 30 g of magnesium sul-
fate. Subsequently, diarrheic stools were collected and examined under 
a stereomicroscope. Numerous adult specimens of gymnophallid and 
heterophyid flukes were recovered. These were fixed in 10% neutral 
buffered formalin under coverslip pressure, stained with Semichon's 
acetocarmine, and mounted in balsam. Flukes were then individually 
identified under an optical microscope. One specimen of Plagiorchis 
sp. was recovered from a 34-yr-old man. The worm was an adult fluke 
with numerous uterine eggs. Based on morphological characteristics in 
Table I, this specimen was identified as P. vespertilionis (Sogandares-
Bernal, 1956; Tkach et aI., 2000). The specimen has been deposited in 
U.S. National Parasite Collection (Beltsville, Maryland) under the ac-
cession number USNPC 99592. 
In previously reported human cases of Plagiorchis sp. infection, a 
small number of flukes have usually been found among a large number 
of other intestinal or liver flukes (Sandground, 1940; Asada et a!., 1962; 
Radomyos et a!., 1989; Hong et a!., 1996). Interestingly, no specific 
gastrointestinal symptoms were recorded in these cases. Similarly, the 
present case, involving infection with only I P. vespertilionis and 9 
Heterophyes nocens specimens, had no intestinal symptoms of note. 
Thus, it appears that a small number of Plagiorchis sp. is incapable of 
causing a significant pathological condition (McMullen, 1937). 
In terms of the identification of Plagiorchis species, the location and 
morphologies of the cirrus sac, cirrus, testes, ovary, and Mehlis gland, 
and the positions and extents of vitellaria and uterus, and the sucker 
ratio are important (Sandground, 1940; Sogandares-Bernal, 1956; Ki-
fune et a!., 1983, 1997; Radomyos et a!. , 1989; Tkach et a!., 2000). 
However, the taxonomic status of Plagiorchis spp. occurring in Euro-
pean bats was confusing because of the high degree of morphological 
similarity between different forms and species and an inadequate initial 
description of P. vespertilionis by Muller in 1780 (Tkach et aI., 2000). 
In particular, the morphological data on the P. vespertilionis group, i.e., 
P. vespertilionis, Plagiorchis muelleri Tkach and Sharpilo, 1990, and 
P. koreanus Ogata, 1938, were inadequate. To resolve this problem, 
Tkach et a!. (2000) used molecular (nuclear rDNA ITS region) tech-
niques, and confirmed the distinct characters of these 3 species. 
Our specimen differs from similar species in the following ways. It 
differs from P. muris reported in a human (Hong et a!., 1996) and in 
house rats in the Republic of Korea (Seo et a!., 1964), in the less ex-
tensi ve distribution of vitellaria, from the posterior body extremity only 
to the ventral sucker median; of the locations of ovary and testes; and 
of smaller egg size. Our fluke has a sucker ratio of 1: 1, which differs 
from P. koreanus, which has a smaller ventral sucker (Ogata, 1938; 
Kifune et a!., 1997). Plagiorchis muelleri differs from our specimen in 
having a substantially greater distance between the ovary and ventral 
sucker (Tkach et a!., 2000). 
The known second intermediate hosts of P. vespertilionis, i.e., caddis-
fly larvae, mayfly larvae, and dragonfly nymphs, have been suggested 
to be possible sources of natural human infection (Macy, 1960). How-
ever, in the present study, the patient recalled he had eaten raw fresh-
water fish, including snakehead mullet and goby. Thus, the source of 
infection in this patient remains uncertain. In a recent study of P. muris 
in the Republic of Korea, freshwater fish were considered the source of 
human infection (Hong et aI., 1996). In addition, it was shown that 
dragonflies play a significant role as a second intermediate host for P. 
muris (Hong et a!., 1998, 1999). In view of the environment in which 
the present patient lived, there is a possibility that freshwater fish and 
freshwater snails may be second intermediate hosts for P. vespertilionis. 
Studies are required to elucidate the whole life cycle of P. vespertilionis 
in the Republic of Korea. 
LITERATURE CITED 
ASADA, J. I., H. OTAGAKI, M. MORITA, T. TAKEUCHI, y, SAKAI, T. Ko-
NOSH!, AND K. OKAHASHI. 1962. A case report on the human infec-
tion with Plagiorchis muris Tanabe, 1922 in Japan. Japanese Jour-
nal of Parasitology 11: 512-516. 
BEAVER, P. C., R. C. JUNG, AND E. W. CUPP. 1984. Clinical parasitology, 
9th ed. Lea and Febiger, Philadelphia, Pennsylvania, 825 p. 
CHAI, J. Y., AND S. H. LEE. 2002. Food-borne intestinal trematode in-
fections in the Republic of Korea. Parasitology International 51: 
129-154. 
HONG, S. J., J. H. AHN, AND H. C. WOO. 1998. Plagiorchis muris: 
Recovery, growth and development in albino rats. Journal of Hel-
minthology 72: 251-256. 
---, H. C. Woo, AND J. Y. CHAI. 1996. A human case of Plagiorchis 
muris (Tanabe, 1922: Digenea) infection in the Republic of Korea: 
Freshwater fish as a possible source of infection. Journal of Para-
sitology 82: 647-649. 
---, ---, S. U. LEE, AND S. HUH. 1999. Infection status of drag-
onflies with Plagiorchis muris metacercariae in Korea. Korean 
Journal of Parasitology 37: 65-70. 
KiFuNE, T., M. HARADA, I. SAWADA, AND M. H. YOON. 1997. Trematode 
parasites of five Korean bats. Medical Bulletin of Fukuoka Uni-
versity 24: 225-232. 
---, I. SAWADA, AND W. C. LEE. 1983. Trematode parasites of two 
Korean bats. Medical Bulletin of Fukuoka University 10: 3-8. 
KOMIYA, Y. 1965. Metacercariae in Japan and adjacent territories. In 
Progress of medical parasitology in Japan, Vol. II, K. Morishita, Y. 
Komiya, and H. Matsubayashi (eds.). Meguro Parasitological Mu-
seum, Tokyo, Japan, p. 225-233. 
MACY, R. W. 1960. The life cycle of Plagiorchis vespertilionis paror-
chis n. ssp. (Trematoda: Plagiorchiidae) and observations on the 
effects of light on the emergence of the cercaria. Journal of Para-
sitology 46: 337-345. 
McMULLEN, D. B. 1937. An intestinal infection of Plagiorchis muris in 
man. Journal of Parasitology 23: 113-115. 
OGATA, T. 1938. Contribution a la connaissance de la faune helmin-
thologique coreenne I. Une nouvelle espece de trematodes proenant 
RESEARCH NOTES 1227 
de chauves-souris. Annotationes Zoologicae Japanenses 17: 581-
586. 
PARK, J. T. 1939a. Trematodes from Mammalia and Aves II. Two new 
trematodes of Plagiorchidae: Plagiorchoides rhinolophi n. sp. and 
Plagiorchis orientallis n. sp. rom Tyosen (Korea). Keijo Journal of 
Medicine 10: 1-6. 
---. 1939b. Trematodes of Mammals and Aves from Tyosen III. A 
new trematode of the family Plagiorchidae Ward, 1917, Plagiorchis 
magnacotylus sp. nov. Keijo Journal of Medicine 10: 43-45. 
RADOMYOS, P., D. BUNNAG, AND T. HARINASUTA. 1989. A new intestinal 
fluke, Plagiorchis harinasutai n. sp. Southeast Asian Journal of 
Tropical Medicine and Public Health 20: 101-107. 
SANDGROUND, J. H. 1940. Plagiorchis javensis n. sp. a new trematode 
parasitic in man. Review of Medicine and Tropical Parasitology 
(Habana) 6: 207-211. 
SE~, B. S., S. Y. CHO, S. T. HONG, S. J. HONG, AND S. H. LEE. 1981. 
Studies on the parasitic helminthes of Korea V. Survey on intestinal 
trematodes of house rats. Korean Journal of Parasitology 19: 131-
136. 
---, H. J. RiM, AND C. W. LEE. 1964. Studies on the parasitic hel-
minthes of Korea I. Trematodes of rodents. Korean Journal of Par-
asitology 2: 20-26. 
SOGANDARES-BERNAL, R 1956. Four trematodes from Korean bats with 
description of three new species. Journal of Parasitology 42: 200-
206. 
TANABE, H. 1922. A contribution to the study of the life cycle of di-
genetic trematodes. A study of a new species, Lepoderma muris n. 
sp. Okayama Igakkai Zasshi 385: 47-58. 
TKACH, V. S., J. PAWLOWSKI, AND V. P. SHARPILO. 2000. Molecular and 
morphological differentiation between species of the Plagiorchis 
vespertilionis group (Digenea, Plagiorchiidae) occurring in Euro-
pean bats, with a re-description of P. vespertilionis (MUller, 1780). 
Systematic Parasitology 47: 9-22. 
Y AMAGUTI, S. 1958. Part V. Digenea of mammals. Systema helminthum, 
Vol. I. Interscience Publishers Inc., New York, New York, 800 p. 
1. Parasitol., 93(5), 2007, pp. 1227-1230 
© American Society of Parasitologists 2007 
Influence of a Thermal Discharge on Parasites of a Cold-Water Flatfish, 
Pleuronectes americanus, as a Bioindicator of Subtle Environmental Change 
R. A. Khan and R. G. Hooper, Department of Biology, Memorial University of Newfoundland, St. John's, Newfoundland, Canada, A 1 B 3X9. 
e-mail: rakhan@mun.ca 
ABSTRACT: A study was conducted to ascertain the influence of a ther-
mal discharge on the health and parasites of a coastal cold-water flatfish, 
the winter flounder (Pleuronectes americanus), a species sensitive to 
environmental change. Flounder were sampled in spring 1998 and 1999 
beneath the plume and at reference sites north and south up to 1 km 
from the discharge. Species diversity alld, estimates of abundance of 
macroscopic algae, invertebrates, and fish were also recorded. After 
capture by scuba divers, a comparison of condition factor, organ indices, 
blood values, histology, and parasites was made between groups of fish 
from the discharge and reference sites. Diversity and abundance of al-
gae, invertebrates, and fish were considerably greater beneath the plume 
than at the reference sites. The thermal water had no apparent effect on 
flounder taken beneath the plume, but it affected both its ecto- and 
endoparasites. Prevalence and mean abundance of Cryptocotyle lingua 
metacercariae were significantly greater, whereas Trichodina jadranica 
and Gyrodactylus pleuronecti were less on the gills of fish sampled 
beneath the plume than at the reference sites. Four endoparasites, i.e., 
Ceratomyxa drepanopsettae, Steringophorus furciger, Macvicarius so-
ieae, and Lecithaster gibbosus were significantly more abundant in the 
reference samples. These results suggest that environmental change af-
fected transmission of the parasites of winter flounder exposed to the 
thermal effluent. 
Coastal fossil fuel-generating plants discharging heated water into the 
sea tend to have some influence on the environment and also on benthic 
communities, which invariably are sessile or possess limited scope for 
movement. Some studies have reported changes in abundance and spa-
tial variability of benthic assemblages by thermal effluent affecting the 
mClSt abundant species, whereas others have observed minimal changes 
in the vicinity of the discharge (Landicci et al., 1999). It seems that 
thermal tolerance of some species is related to the temperature; from 7 
to 10 C above the ambient impacted on benthic organisms more than 
1-2 C (Suresh et al., 1993; Landicci et al., 1999). Additionally, the 
volume of water, season, temperature, and rate of discharge could also 
have a profound influence on benthic organisms (Landicci et al., 1999). 
Several methods have been proposed to assess the impact of envi-
ronmental change in fish (Adams, 1990). These include external abnor-
malities, condition factor, organ indices, and histology in species that 
are sessile and sensitive to ecosystem alterations (Adams, 1990). More 
recently, there is evidence that some fish parasites can be useful as 
bioindicators of stress (Khan and Thulin, 1991). A thermal power plant 
in Holyrood, Newfoundland, Canada, using Bunker oil as fuel has been 
discharging heated seawater into the ocean for a number of years where 
a population of winter flounder (Pleuronectes americanus), a species 
sensitive to environmental change, occurs. The influence of the dis-
charge was reported to affect the horse mussel (Modiolus sp.), but noth-
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ing was known of its influence on fish health (LGL Ltd., 1999). Con-
sequently, a study was designed to investigate the effect of the thermal 
discharge at Holyrood on winter flounder living beneath the plume and 
to compare the results with samples taken from fish at varying distances 
north and south from the discharge. This included some of the biolog-
ical indicators mentioned above, including blood values of the flounders 
and also its parasites. 
The thermal generating plant, using Bunker AC as fuel oil, is located 
at Holyrood (47°27'N, 53°08'W). Approximately 6 X lOs Llmin ofther-
mal water, 5-l3 C, was discharged into Conception Bay, but tempera-
ture change extended up to only 1 m below the surface (LGL Ltd., 
1999). The benthic water temperature during both years was 0 C, where-
as the surface temperatures were 3-4 C in May and 7-8 C in June. 
Benthic sampling was conducted at all sites for macroscopic algae, in-
vertebrates, and fish, and estimates of their abundance were recorded. 
Winter flounder were captured beneath the plume by scuba divers using 
a fish-landing net at about 5 m in late May and June 1998 and in May 
1999. In addition, flounder were taken at 0.5 m north (upcurrent) and 
downflow at 0.4-0.5 and 1.0 km southwest from the discharge in 1998 
and downflow at lOO-200 and 400 m in 1999. The fish were examined 
after capture for extemallesions and macroscopic parasites, which were 
enumerated. Two skin smears were prepared for examination subse-
quently for microscopic parasites. Blood was taken from the caudal vein 
by a needle and heparinized syringe to determine hermatocrit, hemo-
globin, and total plasma protein in the serum as reported in another 
study (George-Nascimento et aI., 2000). A blood smear was prepared 
for ascertaining lymphocytic levels after staining with Giemsa. At nec-
ropsy, the total body length, eviscerated body, liver, and gonad masses 
were examined. Samples of tissues, including gill, liver, spleen, and 
gonad were fixed in lO% buffered formalin and processed by conven-
tional histological methods. Cross sections, lO J.Lm, were stained with 
hematoxylin and eosin. Sections of spleen were also stained with Perl's 
Prussian blue method for hemosiderin that was estimated by digital 
image analysis (Khan and Nag, 1993). Bile was taken from the gall-
bladder by a needle and syringe, preserved with an equal volume of 
70% ethanol, and examined subsequently for myxozoans microscopi-
cally (X400). The digestive tract was examined for metazoan parasites 
that were removed and fixed in 70% ethanol. Digenes were stained with 
borax carmine. Metacercariae infecting the gills were estimated in cross 
sections after microscopic examination of lO secondary lamellae. 
Samples of flounder were compared statistically according to sex, 
site, and year of capture. Variables compared included condition factor 
(eviscerated body massllength3), hepatosomatic index (liver mass/evis-
cerated body mass), gonadosomatic index (gonadal mass/eviscerated 
body mass), hemoglobin (g%), hematocrit (%), total plasma protein 
(g%), and lymphocyte levels (no. of lymphocytes/l ,000 erythrocytes in 
Giemsa-stained blood smears; see George-Nascimento et aI., 2000). 
However, the samples examined in 1999 at lOO and 200 m from the 
discharge were pooled, with the exception of the parasites in the diges-
tive tract, because of the paucity in numbers of fish that were captured. 
The data were analyzed using an analysis of covariance for site signif-
icance. These included condition (k) factor (eviscerated body mass/ 
length3), organ indices (organ mass/eviscerated body mass), and blood 
values. Prevalence (%) and mean abundance were calculated for each 
fish group. Chi-square and Fisher's exact probability tests compared 
prevalence, whereas the nonparametric test of Kruskal-Wallis, after log 
transformation of parasitic numbers, was u~d. for comparing fish groups 
according to site. 
Profound differences in the diversity and abundance of the species 
and genera of algae, invertebrates, and fish occurred between the site 
at the thermal outfall and locations north and south of it. Three species 
of seaweed (Callithamnion, Bryopsis, and Gloiosiphonia) were confined 
to the plume, 7 species within 5 genera (Chondrus, Fucus, Saccharina, 
Cladophora, and Scytsiphon) were observed near the plume, whereas 
only 5 species (Alaria, Laminaria, Spongomorpha, Urospora, and Mon-
ostroma) occurred north and south of it. Thirteen species of inverte-
brates, including 7 species of grazing crustaceans (Semibalanus, Gam-
marus, Calliopius, Ischyroceros Jassa, Jaera, and Idothea), a crab 
(Cancer sp.), 4 species of mollusks (Littorina, Nucella, Lacuna, and 
Mytilus), and an echinoderm (Asterias sp.) were present near the plume, 
whereas only a crab (Hyas sp.), 2 mollusc species (Modiolus and Buc-
cinum), and an echinoderm (Strongylocentrotus sp.) occurred at the oth-
er sites. Large numbers of Littorina littorea, a shallow-water mussel, 
covered the bottom of the effluent channel. Additionally, 9 species of 
fish (Salmo trutta, Tautogolabrus adspersus, Myoxocephalus octode-
cemspinosus, M. scorpius, Macrozoarces americanus, Pholis gunnellus, 
Gasterosteus aculeatus, Microgadus tomcod, and Pleuronectes ameri-
canus) were observed near the plume, in contrast to 4 species (Stichaeus 
punctatus, Lycodes lavalei, Hippoglossoides platessoides, and P. amer-
icanus) at the other locations. Rating the abundance of seaweeds, in-
vertebrates, and fish species between the reference sites and the plume, 
the latter exceeded the others by a magnitude of 15 to 20. The prolific 
growth of the seaweeds and abundance of animals declined beneath the 
plume after the plant ceased operations during summer and as the area 
came under the influence of colder, ambient seawater. However, growth 
and abundance returned to normal once the plant resumed operations 
in autumn. The flora and fauna near the plume have remained un-
changed since an initial survey was conducted in 1976 (R. G. Hooper, 
unpubl. obs.). In summary, a greater diversity and abundance of these 
organisms were evident near the plume than at locations north or south 
of it. 
The stomachs of foraging winter flounder sampled during 1998 and 
1999 below the plume contained crustacean remnants, especially gam-
marid amphipods, and, less often, small molluscs, mainly gastropods. 
Flounder sampled during May in both 1998 and 1999 at the reference 
sites exhibited no evidence of feeding, and, at the time of capture, they 
lay covered by sediment at the bottom. Samples of flounder taken in 
June 1998 fed on polychaetes, crustaceans, and molluscs at the down-
stream sites, and the fish were located lying above the sediment. 
Comparison of biological variables, i.e., condition factor and organ 
indices of male and female winter flounder sampled below the plume 
and reference sites, 0.4-0.5 north and south to 1.0 km away, revealed 
no significant differences. However, there was an exception: the gonadal 
somatic index of males sampled <0.5 m from the discharge point was 
significantly greater than that of the other 2 groups. Gonad development 
was delayed because males of the other groups had produced sperm, 
whereas examination of the testes of the aforementioned group revealed 
spermatids in the seminiferous tubules. Blood values, including hemat-
ocrit, hemoglobin, total plasma protein, and lymphocytic levels, were 
similar in all groups of fish. Additionally, comparison of the variables 
of flounder sampled in 1999 near the plume and at lOO-200 and 400 
m exhibited no differences. Examination of histological sections of the 
gills, liver, spleen, and gonads revealed an absence of lesions in all 
groups of fish in 1998 and 1999, excepting for an infection with meta-
cercariae of the digenean Cryptocotyle lingua, which caused distortion 
of the secondary gill lamellae. 
There were significant differences in the prevalence of some parasites 
infecting winter flounder from the 3 sites in 1998 and 1999. Trichodina 
jadranica (=murmanica) (Ciliophora; see Arthur et aI., 2004), Cera-
tomyxa drepanopsettae (Myxozoa), Gyrodactyus pleuronecti (Mono-
genea), Steringophorus furciger, Macvicarius soleae, and Lecithaster 
gibbosus (Digenea) were significantly greater in flounder sampled at the 
reference sites than beneath the plume (Table I). Although the preva-
lence of C. lingua was similar at the 3 sites, the mean abundance on 
the skin and in the gill lamellae of fish sampled at the plume was 
significantly greater than at various distances away from it (Table II). 
This is not unusual, because Sekar and Threlfall (1970) observed that 
an infection with C. lingua was associated with the abundance of its 
molluscan intermediate host, the periwinkle (Littorina littorea), which 
occurred in greater numbers in the intertidal warm water than in other 
areas. Additionally, the mean abundance of S. furciger was significantly 
less in samples taken below the plume in both years of sampling than 
further away (Fig. 1). The abundance of M. soleae and L. gibbosus was 
consistently low «1.0), except in 1998 at 400 m, when that of M. 
soleae was 1.2 ± 0.2. No nematodes or acanthocephalans were ob-
served in the digestive tract. 
The present study focused on winter flounder, a sedentary, cold-water 
species that has been shown to be sensitive to environmental change 
(Khan, 2003, 2004). It was anticipated that this fish would respond to 
an environmental disturbance associated with the discharge of thermal 
effluent. The results from the present study, based on several conven-
tional bioindicators, indicate that the heated effluent caused no effects 
on fish health compared with samples from 2 reference sites in 1998 
and 1999. However, differences in the prevalence and abundance of 
some parasites suggest that subtle changes in environmental conditions 
probably occurred that affected its parasites. Two ectoparasites attached 
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TABLE I. Prevalence (%) of parasites* infecting winter flounder (pooled sexes) north (upcurrent. uc), and south (downcurrent, dc) (m) from a site 
discharging thermal effluent at Holyrood, Newfoundland, Canada, in 1998 and 1999. 
Parasite/prevalence (%) 
Yr Site/m n Tr C G Cl St McV L 
1998 500 (uc) 27 100 100 100 52 100 37 41 
Plume 35 35t 14t 9t lOOt 31t 36 3 
400-500 (dc) 51 96 100 100 82 100 80t 26 
1,000 (dc) 29 100 100 97 72 100 55 62t 
1999 500 (uc) 35 100 100 100 28 100 46 54 
Plume 15 20t 13t 13t lOOt 13t 8t 0 
100-200 (dc) 26 100 100 93 86 100 35 20 
400 (dc) 14 100 100 100 79 100 65 71t 
* Tr = Trichodina, C = Ceratomyxa, G = Gyrodactylus, Cl = Cryptocotyle lingua, St = Steringophorus, McV = McVicarius, L = Lecithaster. 
t Significantly different (P ,.; 0.05) from comparison group(s). 
to the gills, T. jadranica and G. pleuronecti, are known to be sensitive 
to high temperature and to decline under these conditions (Barker et aI., 
2002; Khan, 2004). Another ectoparasite in the skin, C. lingua, favors 
warmer water as its abundance increases during summer (Sekar and 
Threlfall, 1970). Differences in the prevalence of 4 endoparasites, i.e., 
C. drepanopsettae and 3 digeneans, i.e., S. jurciger, M. soieae, and L. 
gibbosus, might also have been influenced by subtle environmental 
changes. This is supported by the observation that the growth of some 
species of algae, especially Fucus spp., was prolific and associated with 
an abundance of garnmarid amphipids, other invertebrates, and fish be-
neath the plume compared with minimal algal growth and a paucity of 
other organisms at the reference sites. 
Thermal effluent has been reported to influence both the prevalence 
and mean abundance of parasites of fish, more often positively than 
negatively. Lafferty (1997) listed 9 positive, 1 neutral, and 5 negative 
cases. In most discharges of heated water into freshwater systems, water 
temperature increments varied from 2 to 10 C. Esch et ai. (1976) ob-
served direct correlations among thermal loading, decreased body con-
dition, and elevated prevalence of a ciliate, Epistylis sp., and a bacte-
rium, Aeromonas hydrophila, in centrarchid fish. Parasitic abundance 
of a larval digenean was reported by Eure and Esch (1974) to be greater 
in large mouth bass, Micropterus salmoides, living in heated effluent, 
whereas Hirshfield (1983) observed that larval nematodes of Eustron-
gylides sp. in the mummichog, Fundulus heteroclitus, increased 4-fold 
in contrast to reference fish. Aho et al. (1982) noted also changes in 
distribution and abundance of 2 larval trematodes in mosquito fish, 
Gambusia affinis, living in a reservoir receiving thermal effluent from 
a nuclear reactor. Pojmanska and Dzika (1987) reported the most dra-
matic changes in a Polish lake receiving thermal effluent where 5 fish 
parasitic species disappeared, 3 new species became established, 4 spe-
TABLE II. Mean abundance (x ± SE) of metacercariae of Cryptocotyle 
lingua on the skin and in the secondary lamellae of the gills of winter 
flounder (pooled sexes) sampled north (upcurrent, uc) under a thermal 
plume at Holyrood, Newfoundland, Canada, and at 2 southerly (down-
current, dc) sites in 1998 and 1999. 
Yr 
1998 
1999 
Location from 
discharge (m) 
500 (uc) 
o 
400-500 (dc) 
1,000 (dc) 
500 (uc) 
o 
100-200 (dc) 
400 (dc) 
n 
45 
35 
51 
29 
63 
15 
26 
14 
Skin 
3.6 ± 0.4 
79.0 ± 8.8* 
6.4 ± 0.7 
4.0 ± 0.4 
2.8 ± 0.3 
86.0 ± 14.0* 
9.4 ± 1.1 
7.3 ± 1.0 
* Significantly different (P ,.; 0.05) than other groups. 
Gills 
1.3 ± 0.2 
2.8 ± 0.3* 
1.1 ± 0.2 
1.2 ± 0.2 
0.9 ± 0.1 
3.8 ± 0.5* 
0.8 ± 0.1 
0.6 ± 0.1 
cies decreased in frequency, and 6 species increased in abundance. 
These changes resulted in a modification of dominance in the com-
munity structure. They attributed these changes to the habitat that af-
fected both the invertebrate intermediate and avian definitive hosts. An 
unusual observation was noted by Sankurathri and Holmes (1976) in a 
lake where thermal water kept it ice-free in winter, and, as a result of 
waterfowl concentration, the prevalence of metacercariae infection in 
snails was approximately 75.8% compared with 6.5% at the reference 
site, but this was reversed during summer. Boxrucker (1979) reported 
that thermal effluent had little effect on parasites of a bullhead (Ictalurus 
melas), excepting an acanthocephalan, Pomphorhynchus bulbocolli, 
which showed a seasonal cycle at the reference site, but not at the outfall 
area. Camp et al. (1982) observed a decline in prevalence and abun-
dance of metacercariae of Omithodiplostomum ptchocheilus in the mos-
quito fish (Gambusia affinis) inhabiting a thermal reservoir in South 
Carolina when the summer temperature was high and also in winter. It 
was observed that the thermal effluent affected cercariae shedding and 
recruitment, eventually causing a decline. However, higher levels of 
parasitism occurred in spring in the reservoir than at the reference site. 
Camp et ai. (1982) also noted that cercariae shedding from the infected 
40 
30 
(IJ 
u 
c 
III b 
"C 
c 
::J 20 
..c 
« 27 
c 
III (IJ 
:2' 
10 
N 
b 
b 
b 15 
12 
c 
18 c c 
a 
14 
II III IV V VI N VII VIII IX X 
May 
1998 
June 
Fish Groups 
May 
1999 
FIGURE 1. Mean abundance (0 ± SE) of Steringophorus furciger 
(Digenea) in the digestive tract of winter flounder (sexes pooled) sam-
pled north (N), below the thermal plume (I, IV, VII) in 1998 and 1999 
and at 100 m (VIII), 200 m (IX), 400 m (X), 500 m (II, V) and 1,000 
m (III, VI) south of the discharge. Comparison groups with dissimilar 
letters are significantly different (P :5 0.05). 
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snails (Physa sp.) continued throughout the winter. MacKenzie et al. 
(1995) cited an abstract of Hoglund and Thulin who reported no change 
in parasitism. 
In summary, exposure of a cold-water, benthic, sedentary flatfish to 
thermal effluent discharged 5 m above the plume apparently caused no 
effect on body condition, organ indices, or hematological or patholog-
ical alterations. However, prevalence, or mean abundance, or both of 
some parasites of the fish were affected below the plume, 1 species 
increasing and 6 species declining. This observation suggests either 
sensitivity to the effluent or interruption of transmission via their inter-
mediate hosts near the thermal plume. These results provide additional 
evidence to support the view that some parasites of fish can be useful 
as bioindicators of subtle environmental changes. 
We are grateful to M. O'Keefe for technical assistance and to S. Wall 
for typing the manuscript. The study was supported by a contract and 
the Natural Sciences and Engineering Council of Canada. 
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Species of Coccidia (Apicomplexa: Eimeriidae) Infecting Pikas From Alaska, U.S.A. and 
Northeastern Siberia, Russia 
A. J. Lynch, D. W. Duszynski, and J. A. Cook, Department of Biology, The University of New Mexico, Albuquerque, New Mexico 87131. 
e-mail: eimeria@unm.edu 
ABSTRACT: Eighty-eight fecal samples from 2 species of pika, Ocho-
tona collaris and Ochotona hyperborea, collected in Alaska (N = 53) 
and Russia (N = 35), respectively, were examined for the presence of 
coccidia (Apicomplexa: Eimeriidae). Five oocyst morphotypes were ob-
served. In O. collaris, we found Eimeria calentinei, Eimeria crypto-
barretti, and Eimeria klondikensis, whereas in O. hyperborea, we found 
Eimeria banffensis, E. calentinei, E. cryptobarretti, E. klondikensis, and 
Isospora marquardti. This study represents new geographic records for 
all 5 coccidia and new host records for E. cryptobarretti and I. mar-
quardti. Only minor quantitative differences were seen between the 
sporulated oocysts we studied and those reported in their original de-
scriptions. 
Pikas are holarctic lagomorphs composed of the single genus, Och-
otona, with 30 species (Wilson and Reeder, 2005). The majority of 
species are found in Asia, mainly in the Tibet (Qinghai-Xizang) Plateau 
region, but also in Afghanistan, Burma, China, India, Iran, Japan, Ka-
zakhstan, Korea, Nepal, Pakistan, and Russia, whereas only 2 species 
are found in North America (Chapman and Flux, 1990; Yu et aI., 2000; 
Wilson and Reeder, 2005). Currently, 18 coccidia species (16 Eimeria, 
2 Isospora) are described from all Ochotona species. Over 3 summer 
field seasons (2000-2002), the collared pika, Ochotona collaris (Nel-
son, 1893), and the northern pika, Ochotona hyperborea (Pallas, 1811), 
were collected in Alaska and northeastern Siberia, Russia, respectively, 
as part of the Beringia Coevolution Project (Hoberg et aI., 2003; Cook 
et aI., 2005). The present study was conducted to assess the similarity 
of coccidia fauna in 2 closely related hosts geographically separated by 
the Bering Strait. 
Pikas were caught with museum snap traps or shot with firearms. 
Fecal specimens were taken from 88 animals from 6 regional field sites: 
O. collaris were collected from 2 sites in Alaska (N = 53), whereas O. 
hyperborea were collected from 4 sites in northeastern Siberia, Russia 
(N = 35). The Alaskan sites were Wrangell-St. Elias National Park and 
Yukon-Charley Rivers National Preserve; 4 regions in northeastern Si-
beria were sampled, the Omolon, Anadyr, and Kolyma river basins and 
the Providenya Oblast. Symbiotype host specimens (Frey et aI., 1992; 
Brooks, 1993), in which all oocyst species/forms were seen and iden-
tified here, are maintained in the University of Alaska Museum of the 
North (UAM). Feces were preserved in 2.5% (w/v) aqueous K2Cr20 7 
solution. Oocysts were isolated, measured, and photographed as de-
scribed by Duszynski and Wilber (1997). 
In all, 25% (22/88) of the samples were positive: 12/35 (34%) O. 
hyperborea, and 10/53 (19%) O. collaris. Only 4 pikas were host to 
multi species infections of coccidia. Five distinct oocyst morphotypes 
were observed and these were consistent with previously recognized 
coccidia species from other pikas. Three coccidia species were recov-
ered from O. collaris: Eimeria calentinei, Eimeria cryptobarretti, and 
Eimeria klondikensis; 5 were recovered from O. hyperborea: Eimeria 
banffensis, E. calentinei, E. cryptobarretti, E. klondikensis, and Isospora 
marquardti. The recovery of E. cryptobarretti from O. collaris and O. 
hyperborea represents 2 new host records. Previously, E. cryptobarretti 
only had been found in Ochotona princeps, the American pika, in Col-
orado (Duszynski and Brunson, 1973). The recovery of I. marquardti 
from O. hyperborea also represents a new host record. The recovery of 
3 species of coccidia in Alaskan O. collaris represents geographic range 
extensions, as does the recovery of 5 species from O. hyperborea in 
Siberia. Both hosts were studied by Hobbs and Samuel (1974) from 
pikas collected in the Yukon Territory, Canada, (0. collaris) and J.apan 
(0. hyperborea); in 92 O. collaris they reported E. banffensis, Eimeria 
barretti, Eimeria circumborealis, Eimeria princeps, I. marquardti, and 
Isospora yukonensis, and in 14 O. hyperborea they recovered E. cir-
cumborealis, E. princepsis, and Eimeria worleyi. 
Because there have been so few published reports of coccidia from 
these hosts, we include brief mention of qualitative or quantitative (or 
both) structures as they differ from the original descriptions, along with 
taxonomic summaries of the species recovered. 
. , 
Eimeria banffensis Lepp, Todd, and Samuel, 1973 
Type host: O. princeps (Richardson, 1828), American pika. 
Other hosts (this study): O. hyperborea. 
Type locality: North America: Canada: Alberta, Banff, Jumping-
pound, and Sibbald creeks. 
Geographic distribution: North America: Canada: Alberta, Banff, 
Jumpingpound, and Sibbald creeks, 51 oN, 115°W; Yukon Territory, 
Ogilvie Mountains, 64°N, 138°W; U.S.A.: Colorado, Larimer and Clear 
Creek counties; Asia: Japan: Hokkaido, Daisetzusan National Park; 
Russia: Siberia, Chukotka, 3 km SSE of confluence of Vo1chya River 
and Liman Sea, 64°48'N, 177°33'E (this study). 
Prevalence: 5/92 (5%) O. collaris (type host) in Yukon Territory; 
3/14 (21%) O. hyperborea in Japan; 5/35 (14%) O. hyperborea in Rus-
sia (this study); 401167 (24%) O. princeps in Colorado; 111145 (8%) 
O. princeps in Alberta. 
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Material deposited: Skull, skeleton, and tissues of a symbiotype host 
(this study) are preserved in UAM, as UAM no. 84368 (IF 5252), male, 
11 August 2002 (collected by N. E. Dokuchaev, A. A. Tsvetkova). 
Photosyntype of sporulated oocysts are in the U.S. National Parasite 
Collection (USNPC) as USNPC no. 87390. 
Remarks: The morphology of E. banffensis from O. hyperborea in 
Russia is similar to the original description provided by Lepp et al. 
(1973) for this species collected and described from O. princeps in 
Alberta, Canada. Whereas Duszynski and Brunson (1973) described 00-
cysts that were nearly 2 !Lm smaller in both length and width, the oocyst 
sizes of our Russian oocysts did not differ when compared with the 
original specimens (30 X 25 vs. 30 X 25). Duszynski and Brunson 
(1973) and Hobbs and Samuel (1974) failed to detect the ~2-!Lm polar 
granule that was observed in both this study and the original study by 
Lepp et al. (1973). The recovery of E. banffensis is a new geographic 
record for this parasite in Russia. 
Eimeria calentinei Duszynski and Brunson, 1973 
Type host: O. princeps (Richardson, 1828), American pika. 
Other hosts (this study): O. collaris, O. hyperborea. 
Type locality: North America: Colorado, Larimer County. 
Geographic distribution: North America: Canada: Yukon Territory, 
Ogilvie Mountains, 64°N, 138°W, Alberta, 51 oN, 115°W; U.S.A.: Col-
orado: Clear Creek and Larimer counties; Alaska: Yukon-Charley Riv-
ers National Preserve, NW of Rocky Slope of Mt. Kathryn, S of Wood-
chopper Creek, 65°12'N, 143°33'W (this study); Asia: Japan: Hokkaido, 
Daisetzusan National Park; Russia: Siberia, Magadanskaya Oblast, 40 
km W Magadan, 59°41'N, 1500 20'E (this study). 
Prevalence: 5/53 (9%) O. collaris in Alaska (this study); 8/92 (9%) 
O. collaris in Yukon Territory; 2/35 (6%) O. hyperborea in Siberia (this 
study); 1114 (7%) O. hyperborea in Japan; 2/111 (2%) O. princeps in 
Alberta; 39/167 (23%) O. princeps (type host) in Colorado. 
Material deposited: Skin, skull, skeleton, and tissues of 2 symbiotype 
hosts, one for each host species from this study, are preserved in the 
UAM: O. collaris, UAM no. 58399 (AF 49330), male, 1 August 2001 
(collected by H. Henttonen, J. Niemimaa, K. Gamblin, L. B. Barrelli) 
and O. hyperborea, UAM no. 80824 (AF 38535), 4 September 2000 
(collected by S. O. MacDonald, N. E. Dokuchaev, K. E. Galbreath). 
Photosyntype of a sporulated oocyst in the USNPC as no. 87393. 
Remarks: The morphology of sporulated oocysts of E. calentinei 
from O. hyperborea in Russia and O. collaris in Alaska is nearly iden-
tical to those described by Duszynski and Brunson (1973) for the same 
species collected from O. princeps in Colorado. The recovery of E. 
calentinei establishes new geographic records for this parasite in Russia 
and Alaska. 
Eimeria cryptobarretti Duszynski and Brunson, 1973 
Type host: O. princeps (Richardson, 1828), American pika. 
Other hosts (this study): O. collaris, O. hyperborea. 
Type locality: North America: U.S.A.: Colorado, Larimer and Clear 
Creek counties. 
Geographic distribution: North America: Colorado: Larimer and 
Clear Creek counties; Alaska: Wrangell-St. Elias National Park (this 
study), Yukon-Charley Rivers National Preserve, mountainside NW of 
Headwater Lake of Crescent Creek, 64°82'N, 143°75'W (this study); 
Asia: Russia: Siberia, Magadanskaya Oblast, mouth of Kegali River, 
64°26'N, 161 0 47'E (this study). 
Prevalence: 6/53 (11 %) O. collaris in Alaska (this study); 5/35 (14%) 
O. hyperborea in Siberia (this study); 1071167 (64%) O. princeps (type 
host) in Colorado. 
Material deposited: Skin, skull, skeleton, and tissues of 2 symbiotype 
hosts, one for each host species from this study, are preserved in the 
UAM: O. collaris, UAM no. 58213 (AF 49535), 18 July 2001 (collected 
by H. Henttonen, J. Niemimaa, K. Gamblin, L. B. Barrelli) and O. 
hyperborea, UAM no. 80603 (AF 38233), male, 19 August 2000 (col-
lected by S. O. MacDonald, N. E. Dokuchaev, K. E. Galbreath). Pho-
tosyntype and photoparatype of sporulated oocysts are in the USNPC, 
nos. 87480 and 88170, respectively. 
Remarks: The morphology of E. cryptobarretti from O. hyperborea 
in Russia and O. collaris in Alaska is similar to the description by 
Duszynski and Brunson (1973) for the same species collected from O. 
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TABLE 1. Ten studies documenting the presence of coccidia (Eimeria, Isospora spp.) in pikas (Ochotona spp.) from 2 continents. 
North America Asia 
Coccidia species O. collaris O. princeps O. dauurica O. hyperborea O. pallasi O. rufescens 
E. balchanica 
E. banffensis 
E. barretti 
E. calentinei 
E. circumborealis 
E. cryptobarretti 
E. daurica 
E. erschovi 
E. klondikensis 
E. metelkini 
E. ochotona 
E. pallasi 
E. princeps 
E. shubini 
E. worleyi 
E. sp. 
I. marquardti 
I. yukonensis 
5 
5 
5, 10 
5 
10 
5,10 
5 
5 
5 
1, 3, 5, 7 
5, 6 
1, 3, 5 
1,3 
1,5 
I, 3, 5 
1, 6 
1,2,5 
8 
8 
8 
8 
5,10 
5, 10 
5 
10 
5, 10 
5 
5 
10 
4* 
9 
6 
6 
6 
* I. Duszynski, 1974; 2. Duszynski and Brunson, 1972; 3. Duszynski and Brunson, 1973; 4. Glebezdin, 1978; 5. Hobbs and Samuel, 1974; 6. Lepp et aI., 1972; 7. 
Lepp et al.. 1973; 8. Machulsky, 1949; 9. Svanbaev, 1958; 10. Present study. 
princeps in Colorado, U.S.A. The recovery of E. cryptobarretti estab-
lishes new host and geographic records for this parasite in Russia and 
Alaska, U.S.A. The authors of the original description hesitated to state 
if there was a micropyle on the oocyst, but we now believe that E. 
cryptobarretti does indeed have one. 
Eimeria klondikensis Hobbs and Samuel, 1974 
Type host: O. collaris (Nelson, 1893), collared pika. 
Other hosts (this study): O. hyperborea. 
Type locality: North America: Canada: Yukon Territory, Ogilvie 
Mountains, 64°N, 138°W. 
Geographic distribution: North America: Canada: Yukon Territory, 
Ogilvie Mountains, 64°N, 138°W; Alberta, 51~, 115°W; U.S.A.: Col-
orado: Clear Creek County; Alaska: Wrangell-St. Elias National Park 
and Preserve, SE of Rock Lake, 21 July 2001, 61°47'N, 141°12'W ,this 
study); Yukon-Charley Rivers National Preserve (this study); Asia: Ja-
pan: Hokkaido, Daisetzusan National Park; Russia: Siberia, Chukotka, 
3 km SSE of confluence of Vo1chya River and Liman Sea, 64°48'N, 
177°33'E (this study). 
Prevalence: 2/53 (4%) O. collaris in Alaska (this study); 3/92 (3%) 
O. collaris (type host) in Yukon Territory; 1135 (3%) O. hyperborea in 
Siberia (this study); 2114 (14%) O. hyperborea in Japan; 71111 (6%) 
O. princeps in Alberta; 621224 (28%) O. pj'i.nceps in Colorado. 
Material deposited: Skin, skull, skeleton, and tissues of 2 symbiotype 
hosts, one for each host species from this study, are preserved in the 
UAM: O. collaris, UAM no. 56067 (AF 54551), female, 21 July 2001 
(collected by S. Kutz, A. Tsvetkova, A. A. Eddingaas, M. McCain) and 
O. hyperborea, UAM no. 84369 (IF 5253), male, 11 August 2002 (col-
lected by N. E. Dokuchaev, A. A. Tsvetkova). We deposited a photo-
neotype of a sporulated oocyst in the USNPC as no. 99671, because no 
previous authors had archived a type specimen of this parasite. 
Remarks: The morphology of E. klondikensis from O. collaris in 
Alaska and O. hyperborea in Russia is similar to the description pro-
vided by Hobbs and Samuel (1974) for the same species collected and 
described from the same hosts in Canada and Japan, respectively. The 
recovery of E. klondikensis establishes new geographic records for this 
parasite in Russia and Alaska, U.S.A. Both a line drawing and a pho-
tomicrograph of the sporulated oocyst of this species appeared in the 
original description. 
Isospora marquardti Duszynski and Brunson, 1972 
Type host: O. princeps (Richardson, 1828), American pika. 
Other hosts (this study): O. hyperborea. 
Type locality: North America: U.S.A.: Colorado, Ft. Collins, Clear 
Creek, and Larimer counties. 
Geographic distribution: North America: U.S.A.: Colorado, Ft. Col-
lins, Clear Creek, and Larimer counties; Canada: Yukon Territory, Ogil-
vie Mountains, 64°N, 138°W; Alberta, 51 oN, 115°W; Asia: Russia: Si-
beria, Chukotka, Ulhum River, 15 km W of Chaplino Village, 64°25'N, 
172°32'E (this study). 
Prevalence: 1/92 (l %) O. collaris in the Yukon Territory (this study); 
1/35 (3%) O. hyperborea in Siberia (this study); 11111 « 1 %) O. prin-
ceps in Alberta; 25/167 (15%) O. princeps (type host) in Colorado. 
Material deposited: Skull, skeleton, and tissues of a symbiotype host 
from this study are preserved in the UAM as UAM no. 83836 (IF 7569), 
female, 28 July 2002 (collected by V. F. Fedorov, K. E. Galbreath). 
Photosyntype of a sporulated oocyst is in the USNPC as no. 87408. 
Remarks: The morphology of sporulated oocysts of I. marquardti 
from O. hyperborea in Russia differ slightly from those of Duszynski 
and Brunson (1972) collected and described from O. princeps in Col-
orado; the latter had oocysts and sporocysts that were larger in both 
length and width (31 x 30 and 19 x 12 vs. 28 x 27 and 17 X II) 
than.those of our Russian specimens. Still, both oocysts and sporocysts 
reported here were larger than those measured by Hobbs and Samuel 
(1974) from O. collaris (23 X 22 and 15 X 9). Oocysts of some species 
are known to exhibit phenotypic plasticity (see Duszynski et aI., 1992) 
and, given the similarity of qualitative data, we believe these oocysts 
are I. marquardti. The recovery of I. marquardti establishes a new host 
and geographic record for this parasite in Russia. 
Machulsky (1949) published the first paper on coccidia in pikas. 
Since then, 9 additional papers, including this one, have described a 
total of 18 coccidia species in 6 Ochotona species: 2 from North Amer-
ican and 4 from Asia (Table I). The coccidia reported from 3 of those 
6 hosts, O. collaris, O. princeps, and O. hyperborea, which are the best 
studied hosts (Table I), are remarkably similar. These hosts have all 
been studied on multiple occasions and 10 coccidia have been reported 
from them. Six of 10 (60%) coccidia have been reported from all 3 
hosts, whereas 3 others have been reported from at least 2 hosts. One 
species, Isospora yukonensis, has been reported from only a single in-
dividual of O. collaris (Hobbs and Samuel, 1974). The overlap of coc-
cidia species among O. collaris, O. hyperborea, and O. princeps sug-
gests the possibility that these coccidia may have evolved from a com-
mon ancestor, i.e., that shared coccidia faunas in 3 closely related pika 
species may reflect a single origin for the parasites in their common 
ancestor. On the other hand, this pattern may indicate that each coccid-
ium had a common ancestor in the ancestor of the pikas. Thus, the 
parasite community may have a recent origin, but this doesn't say any-
thing about relationships among these coccidia. 
Except for Eimeria erschovi Machulsky, 1949, the 7 coccidia iden-
tified from the remaining Asian pikas, Ochotona dauurica (Eimeria 
daurica, Eimeria metelkini, Eimeria ochotona, in 1949), Ochotona pal-
lasi (Eimeria pallasi, Eimeria shubini, Eimeria sp., in 1958), and Och-
otona rufescens (Eimeria balchanica, in 1978), only have been identi-
fied once, each from 2-3 specimens of their single host species. Initially, 
the lack of overlap indicates that these coccidia may be more host-
species specific, but nothing substantive is known about host specificity 
in pika coccidia. On the other hand, given the known distributions of 
the 3 host species, it is unlikely that these coccidia would ever come 
into contact with an Ochotona species different from the one in which 
it was first described; O. rufescens, the Afghan pika, is geographically 
separated from the other 2 species and, although the ranges of O. dauur-
ica and O. pallasi share some overlap, e.g., Mongolia, these species are 
separated both by altitude and biome (high mountain vs. desert, respec-
tively). In addition, the obvious sampling bias doesn't allow meaningful 
comparisons. Finally, the question must be asked whether any of these 
7 coccidia even still exist since 2 of the 3 host species are either en-
dangered (0. pallasi) or threatened (0. rufescens). 
Our a posteriori hypothesis was that the similarity, or disparity, of 
coccidia infecting pikas would reflect the systematics and phylogenetics 
of the hosts. Work by Yu et al. (2000) on the phylogeny of 19 pika 
species included O. hyperborea, O. princeps, O. pallasi, and O. dauur-
ica; sequences from O. collaris and O. rufescens were not incorporated. 
The data of Yu et al. (2000) indicated that there are 3 pika clades: a 
shrub-steppe group of 7 species (including O. dauurica), a northern 
group of 5 species (including O. hyperborea, O. pallasi, and O. prin-
ceps), and a mountain group of 7 species. Host-parasite data to date 
(Table I) support the notion that O. hyperborea and O. princeps may 
be infected by the same coccidia because they have descended from a 
recent common ancestor. If true, this would predict that the same or 
similar coccidia species will be found in other species from the northern 
group of Yu et al. (2000). In other words, the morphological similarity 
of the coccidia in this study might reflect close phylogenetic relation-
ships that are a consequence of the close relationship between the hosts. 
The data of Yu et al. (2000) posit that O. princeps is the most basal 
member of the northern group. Interestingly, O. pallasi is infected by 
an entirely different set of coccidia from other hosts in the northern 
clade. In fact, O. pallasi is infected by E. erschovi, a coccidium first 
identified from O. dauurica, a member of the shrub-steppe group of 
pikas. Despite an older association between O. dauurica and O. patlasi, 
it is possible that E. erschovi is a generalist parasite capable of a broad 
co-accommodation of hosts (Brooks, 1979). In other words, the asso-
ciation between E. erschovi and 2 deeply divergent pika lineages may 
suggest the generalist nature of this coccidium. These hosts are in rel-
atively close contact as the range of O. pallasi overlaps that of O. 
dauurica, although they occupy different habitats (Chapman and Flux, 
1990); unfortunately, it is not known if any burrowing or talus-dwelling 
pikas live in enough proximity to connecUhese pika lineages. Perhaps 
the other Eimeria spp. identified from O. pallasi (Eimeria pallasi, Ei-
meria shubini, and Eimeria sp.) are more derived (than those infecting 
O. princeps) and are results of recent speciation. This would keep the 
cospeciation hypothesis alive, but it is also possible that a host switch 
could have led to this association. Only phylogenetic (sequence) data 
for these coccidia will resolve the relationships among them. 
It also is recognized that the dichotomy seen in Table I, where 3 
hosts overlap in eimeriid fauna and the other 3 hosts have divergent 
fauna, could be the result of poor species descriptions. Both Hobbs and 
Samuel (1974) and Lepp et al. (1972) addressed this possibility. Hobbs 
and Samuel (1974) noted the extreme similarity between many of the 
"continental Asian" and the "North American" coccidia. In all cases, 
there were enough differences among those coccidia to prevent the syn-
onymy of species. Before conclusions can be made regarding the valid-
ity of species descriptions, more Asian pikas must be surveyed. Finding 
evidence for cryptic species of coccidia in pikas also could be an im-
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portant issue for sorting out the origins of their host-parasite associa-
tions. 
In conclusion, we emphasize 3 major points: (I) the similarity in 
coccidia fauna among O. princeps, O. collaris, and O. hyperborea; (2) 
the different and more diverse coccidia parasites in Asian hosts; and 
(3) the apparent widespread species of coccidia found in pikas repre-
senting 2 different host clades. 
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ABSTRACT: Increased reporting of amphibian malformations in North 
America has been noted with concern in light of reports that amphibian 
numbers and species are declining worldwide. Ribeiroia ondatrae has 
been shown to cause a variety of types of malformations in amphibians. 
However, little is known about the prevalence of R. ondatrae in North 
America. To aid in conducting field studies of Ribeiroia spp., we have 
developed a polymerase chain reaction (PCR)-based diagnostic. Herein, 
we describe the development of an accurate, rapid, simple, and cost-
effective diagnostic for detection of Ribeiroia spp. infection in snails 
(Planorbella trivolvis). Candidate oligonucleotide primers for PCR were 
designed via DNA sequence analyses of multiple ribosomal internal 
transcribed spacer-2 regions from Ribeiroia spp. and Echinostoma spp. 
Comparison of consensus sequences determined from both genera iden-
tified areas of sequence potentially unique to Ribeiroia spp. The PCR 
reliably produced a diagnostic 290-base pair (bp) product in the pres-
ence of a wide concentration range of snail or frog DNA. Sensitivity 
was examined with DNA extracted from single R. ondatrae cercaria. 
The single-tube PCR could routinely detect less than 1 cercariae equiv-
alent, because DNA isolated from a single cercaria could be diluted at 
least 1 :50 and still yield a positive result via gel electrophoresis. An 
even more sensitive nested PCR also was developed that routinely de-
tected 100 fg of the 290-bp fragment. The assay did not detect furco-
cercous cercariae of certain Schistosomatidae, Echinostoma sp., or 
Sphaeridiotrema globulus nor adults of Clinostomum sp. or Cyathoco-
tyle bushiensis. Field testing of 137 P. trivolvis identified 3 positives 
with no overt environmental cross-reactivity, and results concurred with 
microscopic examinations in all cases. 
Concern over declining numbers and species of amphibians has (ome 
to the forefront over the past 20 yr (Barinaga, 1990; Blaustein and 
Wake, 1990; Phillips, 1990; Pechmann et aI., 1991; Wake, 1998). Sug-
gested factors, singly or in synergism, that have been hypothesized as 
reasons for the decline of this class of animals include habitat destruc-
tion (Kolozsvary and Swihart, 1999; Houlahan and Findlay, 2003), UV 
TABLE 1. Oligonucleotides and PCR profile~ used to detect Ribeiroia sp. 
Primer 
21-up 
18-dn 
18-up 
19-dn 
Sequence 
AGTCATGGTGAGGTGCAGTGA 
AGACCGCTTAGATAGCAG 
CGTGTTTGGCGATTTAGT 
TCAAAAATGAAGCAACAGT 
Tm 
59.7 
51.4 
51.4 
49.1 
irradiation (Blaustein et aI., 1998, 2003), introduced species (Knapp and 
Mathews, 2000), climate change (Beebee, 1995; Corn, 2005), and var-
ious pathogens (Daszak et aI., 2003). A current review of the factors is 
found in Beebee and Griffiths (2005). Amphibian malformations are of 
growing concern, because they have been observed with increased prev-
alence in North America (Ouellet, 2000). Although malformations have 
the potential to deleteriously affect populations or species at particular 
sites, they have not been empirically linked to global or regional de-
clines. Recent reports (Johnson et aI., 1999, 2002; Lannoo et aI., 2003; 
Schoff et aI., 2003; Schotthoefer et aI., 2003) have implicated the trem-
atode Ribeiroia ondatrae as a causative agent of some types of mal-
formations. Little is known about the distribution of this parasite in its 
hosts within North America. Wilson et al. (2005) identified 3 species 
of Ribeiroia: R. ondatrae within the Americas; R. marini in the Carrib-
bean, and Cercaria lileta in Africa. Ribeiroia ondatrae has a 3-host life 
cycle with 2 aquatic intermediate hosts and a predator definitive host, 
usually a bird or mammal. Planorbella spp. serves as first intermediate 
host, with fish and various amphibians as second intermediate hosts. 
Exogenous factors, which include pesticides (Kiesecker, 2002), and eu-
trophication, which leads to a dominance of Planorbella spp. (Johnson 
and Chase, 2004), have been shown to increase malformation rates. 
Currently, Ribeiroia spp. infections in the first intermediate host are 
diagnosed by dissection of live or freshly dead snail hosts for various 
larval stages, which requires training and substantial time to locate in-
fected tissues to identify the parasite correctly. Identifying larvae early 
in development after miracidial penetration but before the development 
of the cercariae is difficult, if not impossible, using morphological char-
acters. To increase the speed and accuracy in the examination of large 
numbers of snails for the presence of Ribeiroia spp., to reduce labor 
costs, and to simplify training required, we have developed a genus-
specific polymerase chain reaction (PCR)-based diagnostic that targets 
the second internal transcribed spacer (ITS-2) region of the ribosomal 
RNA gene cluster (Morgan and Blair, 1998; Kostadinova et aI., 2003; 
Wilson et aI., 2005). By using various combinations of 4 oligonucleo-
%GC 
52.4 
50.0 
44.4 
31.6 
Use/product size 
with 18-dn, 290 bp, profile 1 
with 21-up, 290 bp, profile 1 
Nested reaction with 19-dn, 164 bp, profile 2 
Nested reaction with 18-up, 164 bp, profile 2 
Profile 1 
IX 94 C 4 min 
94 C 15 sec 
lOX 59 C 30 sec 
nc 45 sec 
Profile 2. As above except anneal at 53 C versus 59 C. 
26X 
94 C 
59 C 
nc 
15 sec 
30 sec 
90 sec 
IX nc 
4C 
7 min 
Hold 
ATAAACTATCACGACGCCCAAAAAGTCGTGGCTTGGGTTTTGCCAGCTGGCGTGATTTCCT.T.TGA .... TCA .. TGAGGTGCCAGATC 
11111111111111111 1111 11111111 111111 1111111111111111111111 I III III 11111111111111 
ATAAACTATCACGACGCTCAAATAGTCGTGGATTGGGTCTTGCCAGCTGGCGTGATTTCCTCTGTGAGCA.TCATGTGAGGTGCCAGATC 90 
• 2l-Up 
TATGGCGTTTCCC.AATGTATCCGGACGCATCC.TGTCT.GGCTGAA.GCC.TG.T.GG.TG .. GT .. CGGAATCGTGGTTTAAT.TGGC 
111111111111111111 111111 111111111111111111 I I II I I II II 1111 11111111111 1111 
TATGGCGTTTCCCTAATGTTTCCGGATGCATCCTTGTCTTGGCTGAAAGTCATGGTGAGGTGCAGTGACGGAGTCGTGGTTTAAAATGGC lSO 
lS-Up 
TATGCCCCGTTTTCAGCATGTT .. G .... T ... CTAGTCGGCATGCATATG .. T.CGGGTGGAGCT.TGATCGGG.TGGT .... CGTT.T 
11111111111111111 1111 I I 11111111111111111 I 11111111111 1111111 1111 II I 
TATGCCCCGTTGTCAGCGTGTTTGGCGATT. : .. TAGTCGGCATGCATATGACTACGGGTGGAGCTATGCTCGGGTTGGTACTTGATTAT 270 
19-Down 
CAGTGTG.T.GGCGCTT .. AG~CG.CATACTTATGA.CTCG.GG.TAATTCCATACCAGGCACGTT.CGTT .. T.T ... TC .. T ... TGG 
11111 I I 1111111 11111 I II 11111 II I 1111111111111 II 111111111 I I I I II 
CAGTGAGTTTGGCGCTTCTAGTCGGCTCACATATGATCTTTGAGGTAATTCCATACCATGCACGTTTCGTTACTGTTGCTTCATTTTTG. 360 
lS-Down 
TT .. A. G ... TG. CT. GGGC .ATGCATC. GATGTT. C ....... AT ....... ................. . 
II I I I II 1111 III II II I I 
TTTGAAGT.T.GGCTTGGGCCATGTGTCTGACGAATGTTTATATCTAGACTGCTATCTAAGCGGTCT.TTT 435 
FIGURE 1. Comparison of ITS-2 consensus sequences generated with the program Gap shows only invariant positions within each genus (oligonucleotide primers are shown in red, 
18 and 19 down are shown as reverse complements). The Ribeiroia sp. consensus sequence (bottom line) was derived from 9 isolates of the parasite (AY761142, AY761147, U58102, 
U58100, U58098, U58097, AY168931, AF026791, and AF067851), whereas the Echinostoma sp. sequence (top line) was from 7 database files (U58102, U58100, U58098, U58097, 
AY168931, AF026791, and AF067851) using the program Pretty (gap weight 5; gap length weight I). 
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Panel A 
300 ng P. trivolvis 200 ng P. trivolvis 100 ng P. trivolvis 50 ng P. trivolvis 
300 ng R. pipiens 200 ng R. pipiens 100 ng R. pipiens 50 ng R.pipiens 
Panel B 
FIG RE 2. (A ) Production of the Ribeiroia-specific 290-bp DNA (lowe t band) in the presence of P/allorbella trivo/vis (row I ) or Raila pipiens 
(row 2) D A. Two nanograms of Ribeiroia sp. cercaria I D A (lane I ) was diluted 10-fold in the presence of 300. 200. 100, or 50 ng of D A 
( left to right) from P. trillo/vis (row I ) or from R. pipiells (row 2). Routine detection was 0.2 ng ( lane 2. all gels); and optimally . 20 pg of D A 
could be detected (top row, lane 3, 50 ng of P. trivo/vis D A ). The five lowe t standards are 1,500, 1,000, 750, 500, and 250 bp. (8 ) Sensitivi ty 
of ITS-2 (L ) and nested (R) Ribeiroia sp.-specific PCR. Left gel shows PCR results w ith D A from 20 cercariae ( lane I ) and 10-fold dilutions 
thereof ( lane 2- 6; lane 7, no D A) wi th primers 2 1-upIl 8-dn and subjected to profile I (290-bp target). D A from Ie s than I cercaria was 
easi ly detectable ( lanes 2 and 3) with little or no extraneous D As produced. Right gel shows results from the second nested reaction, which 
u ed a purified 290-bp template from the first reaction and primers 18-up and 19-dn to produce a 164 bp D A. Ten-fold dilutions of the 290-bp 
fragment ( lanes 2-7) ranged from 100 pg to I fg; lane 8 hows a reaction w ith no template D A . One hundred femtograms « I genome 
equi va lent) of the 290-bp fragment could be routinely detected (lane 5). Standards in both gels are 2,000, 1,500. 1.000, 750, 500, 300, I SO, and 
50 bp. 
• 
tide primers, the assay can be performed as a single-tube PCR or as a 
nested reaction for greater sensitivity. Table I summarizes primer char-
acteristics, uses, and profiles. Desirable assay characteristics include suf-
ficient sensitivity to detect early infection of snails, accuracy, cost-ef-
fectiveness, simplicity, and the ability to detect parasite DNA in the 
presence of excess frog or snail host DNA. In this article, we examined 
how the primary pair of primers worked to amplify target sequences in 
the presence of variable amounts of frog or snail DNA with regard to 
sensitivity and specificity. 
ITS-2 sequences unique to Ribeiroia spp. were tentatively identified 
by a 2-step process (Fig. 1): first, by producing an ITS-2 consensus 
sequence from both Ribeiroia and Echinostoma spp. with the program 
Pretty (Accelrys, San Diego, California); and second, by an alignment 
of the 2 consensus sequences with the program Gap (Accelrys) to iden-
tify areas of divergence. Echinostoma spp. were selected for comparison 
because sequence data for more closely related organisms were not 
available. From sequences potentially unique to R. ondatrae, we de-
signed 4 oligonucleotide primers, denoted 21-up, lS-dn, IS-up, and 19-
dn (Table I) for use as PCR primers. Primer dimer formation was not 
predicted to be problematic by the programs Gap and Bestfit (Accelrys), 
and the theoretical melting temperatures (T m) provided by the manufac-
turer (Integrated DNA Technologies, Inc., Coralville, Iowa). Melting 
point considerations and degree of mismatch with Echinostoma spp. 
sequences lead us to first test primers 21-up with lS-dn (single reaction) 
and IS-up with 19-down (nested reaction), which produced DNA frag-
ments of 290 base pairs (bp) and 164 bp, respectively. 
PCR mixtures contained 200 /JoM each deoxynucleoside-5[prime]-tri-
phosphate, 300 nM IS-up, 300 nM IS-down, 2.6 U of Expand High 
Fidelity Enzyme (Roche Diagnostics, Indianapolis, Indiana), and 1.5 
mM MgCl2 in 50 j.d. Alternatively, 25-/Jol reactions with PCR Beads (G. 
E. Healthcare, Buckinhamshire, U.K.) with primer and DNA concen-
trations, as described above, produced identical results. After amplifi-
cation, samples were analyzed by agarose gel electrophoresis for a DNA 
fragment of specific size (290 bp or 164 bp). The identity of the am-
plified DNA was confirmed to be Ribeiroia spp. by sequence analysis. 
Amplified DNA was purified directly from a 50-/Jol PCR reaction using 
Wizard PCR Preps (Promega, Madison, Wisconsin), mixed with the 
PCR primer (10 ng of DNA and 10 of pmol primer) in water and sent 
to Northwoods DNA Inc. (Solway, Minnesota). The sequence produced 
was compared with the R. ondatrae sequence using the program BestFit 
(Accelrys). 
Ribeiroia ondatrae genomic DNA was purified from cercariae shed 
by Planorbella trivolvis, using a DNeasy kit (cultured cells protocol; 
QIAGEN, Valencia, California). Specificity of the assay with primers 
21-up and lS-dn was examined in the presence of excess DNA isolated 
from hosts P. trivolvis and Rana pipiens (DNeasy, animal tissue pro-
tocol; QIAGEN). Figure 2A shows the detection of a serial lO-fold 
dilution of 2 ng of R. ondatrae cercarial DNA (lane 1, with 21-up/1S-
dn) in the presence of 300, 200, 100, and 50 ng of P. trivolvis· or R. 
pipiens DNA. Neither of these excess DNAs was problematic, although 
P. trivolvis DNA did produce slightly more nonspecific amplification 
products than did R. pipiens DNA. 
In the presence of excess P. trivolvis or R. pipiens DNA, the Ribei-
raia-specific 290-bp fragment was consistently produced (verified by 
sequencing bands excised from such gels). Row 1 of Figure 2A shows 
production of the diagnostic 290-bp fragment in the presence of 4 levels 
of P. trivolvis DNA (300, 200, 100, and 50 ng/50 /Jol). No intense DNA 
fragments of similar size that might obscure detection of the diagnostic 
290-bp fragment were produced at any of the levels of host DNA tested. 
Some low-level nonspecific DNAs were produced (e.g., 300 ng, lanes 
3-6) that were distinctly different sizes (=1,200 bp) from the 290-bp 
DNA from R. ondatrae and are not seen as an impediment to correct 
assay interpretation. 
Clearly, faint 290-bp bands, such as those observed in lanes 4-7 in 
most of Figure 2A, should be considered negative results. In the absence 
of P. trivolvis or R. pipiens DNA, these nonspecific bands were not 
present, so they probably represent weakly amplified host DNA se-
quences that in essence define the negative background signal that must 
be significantly exceeded for a positive determination. In addition, when 
field testing either P. trivolvis or R. pipiens tissue, total DNA added did 
not exceed 100 ng, a level where interpretation of the agarose gel results 
is straightforward. Overall, many of the gel lanes in Figure 2A con-
tained only the specific fragment. 
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The single-tube PCR with primers 21-up and IS-dn can routinely 
detect less than a single cercariae equivalent (CE) of R. ondatrae DNA. 
Figure 2B shows the results of serial lO-fold dilutions of this target 
DNA starting with 20 CEo A positive reaction was clearly and consis-
tently seen with 0.2 CE (lane 3). The amount of input target was de-
termined by extracting DNA from 20 cercariae (with carrier RNA, 10 
/Jog/sample) collected from R. ondatrae-infected P. trivolvis. Because 
this procedure assumed a 100% recovery, the assay can probably detect 
less than 0.2 CEo This also was convincingly demonstrated using DNA 
isolated from a single cercaria (with carrier RNA, 10 /Jog/sample) with 
identical results (data not shown). Furthermore, if an aliquot of the 
primary PCR reaction was subjected to a second round of PCR with 
nested primers IS-up and 19-dn, as little as 100 fg «1 genome equiv-
alent) of the 290-bp template could be detected (Fig. 2B). Although the 
conventional PCR assay (21-up/1S-dn) has not been extensively field 
tested, many co-occurring and potentially cross-reactive organisms, in-
cluding Echinostoma sp., have been examined. 
Two field samples of P. trivolvis infected with Echinostoma sp. rediae 
and cercariae were tested by excising parasite tissue for DNA extrac-
tion. The 2 samples, at 3 different levels of target DNA (lO-fold dilu-
tions), produced no DNAs in the 290-bp size range and little nonspecific 
DNA of any size. Such samples, when spiked with R. ondatrae target 
DNA (100 ng), produced a 290-bp band, which indicated that lack of 
Echinostoma sp. reactivity was not due to inhibitory substances present 
in these samples. And, an independent examination of trematodes that 
included Clinostomum sp., Cyathocotyle bushiensis, or Sphaeridiotrema 
globulus, showed no cross-reactivity in amplifications with 21-up/1S-
dn. Epistylis sp. (class Ciliata), an epibiont from snail shells, did give 
a positive reaction that sequencing revealed to be due to filter feeding 
upon R. ondatrae sp. cercariae. The assay does not detect xiphidiocer-
cariae from P. trivolvis; and as expected, the assay does strongly detect 
R. marini cercariae. 
Snails from an ongoing field study in Illinois were first microscopi-
cally examined for R. ondatrae cercariae. The hepatopancreas was then 
excised and pooled (l-3 individuals) into 137 tissue samples from 
which DNA was purified (DNeasy kit; QIAGEN), and samples were 
assayed via PCR with 21-up/1S-dn. No cross-reactivity or other inter-
ference was observed, and the assay identified 3 positive pools of tissue, 
which corroborated microscopic examinations. Although several groups 
of tissue were from snails where infections were very immature (labo-
ratory reared snails were placed in field cages for 3-4 wk), and iden-
tification based on morphological characters was inconclusive, the PCR 
assay enabled positive identification of R. ondatrae. Other more limited 
field tests also gave results that correlated well with microscopic ex-
aminations as 9 P. trivolvis from Duck Lake, Minnesota, and 3 P. tri-
volvis from Merriville, Minnesota, yielded 6 positives, also visible mi-
croscopically in all cases. Overall, the assay is very robust, with no 
known cross-reactive DNA from environmental sources that interferes 
with its interpretation. Although the assay does require some subjectiv-
ity to discern weak positive signals from background negatives, it is 
more rapid, more sensitive, and far simpler to train new personnel to 
conduct these procedures than to develop the ability to microscopically 
identify the different life cycle stages of Ribeiroia spp. and other or-
ganisms that may be present within snails. This assay will be useful in 
studies where a large number snails must be examined for Ribeiraia 
sPil. infections, and it will help determine where and when Ribeiraia 
spp. infections can have a deleterious impact on frog populations. 
We thank Sharon File-Emperador, University of Puerto Rico, Rio 
Piedras Campus, San Juan, for supplying R. marini cercariae; and the 
late Dan Sutherland, University Wisconsin, LaCrosse, Wisconsin, and 
Anna Schotthoefer, University Illinois, Urbana, Illinois, for R. ondatrae-
infected snails. 
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ABSTRACT: The distribution of single cysticerci between cerebral hemi-
spheres was studied in 227 adult cases of calcified and vesicular neu-
rocysticercosis (NC). A rightward lateralization of calcified cysticerci 
was significant only in women, whereas vesicular cysticerci were equal-
ly distributed in both hemispheres. Factors related with the differences 
in the inflammatory response and in the regional cerebral blood flow 
between genders could be involved. 
Human neurocysticercosis (NC) is a severe and frequent neurological 
disease in developing countries (Sciutto et al., 2000; Garcia et al., 2003; 
Fleury et ai., 2006), and it is considered as a re-emergent disease in 
developed ones due to the increase of immigration (DeGiorgio et ai., 
2005). NC is caused by the larval stage of the cestode parasite Taenia 
solium (cysticercus), which may develop in the central nervous system 
of its human host. Although cerebral lateralization is well recognized 
in several brain physiological functions, and the brain is progressively 
recognized as capable of modulating the local and systemic immune 
response (Tarkowski et ai., 1995; Fu et ai., 2003; Meador et ai., 2004), 
a possible asymmetric distribution of cysticerci or of any other brain 
parasites, i.e., toxoplasmosis, malaria, has not been investigated. The 
present study examines the hemisphere distribution of single cysticerci 
in the human brain. 
In total, 227 human adult NC cases with a single cysticercus were 
included. The anatomic status of the parasites (189 calcified, 38 vesic-
ular), their hemispherical location (132 right, 95 left), and the diagnostic 
tool used (radiology in 172 and autopsy in 55) were recorded. Ninety-
four men and 133 women were included. All the patients with radio-
logical diagnosis had a CT scan. In a subgroup of them (50 cases), 
magnetic resonance imaging (MRI) was also used. In all of these 50 
cases, CT scan and MRI results were consistent. Only cases with a 
single lesion closely resembling those described for T. solium cysticerci 
in Me i ·o . 
~ph r . 
FIGURE 2. (A) Microscopic identification of live cysticerci is based 
on the identification of the 3-layered structure containing fluid. (B) The 
microscopic diagnosis of calcified cysticerci must rest on clinical and 
epidemiological data because specific structures are absent. Other pos-
sible sources of calcified nodules in the brain, such as old tuberculomas 
or meningiomas should be excluded, because the best morphologic di-
agnosis of such lesions is of consistency with calcified cysticerci. 
(Rodriguez-Carbajal and Boleaga-Duran, 1983; Villagran and Olvera, 
1988) were included. The inclusion criteria were: reliable diagnosis by 
CT scan and/or MRI (Fig. I), or macro- and microscopic findings at 
autopsy (Fig. 2). 
Distribution of single cysticerci in the cerebral hemispheres (right, 
left) was evaluated with respect to stage of the parasite (calcified, ve-
sicular), sex (women, men) , a nd method of diagnosis (CT scan or nec-
ropsy). Results were analyzed with the SPSS software. Significant dif-
ferences in the frequency of parasites in each hemisphere were evalu-
ated using a nonparametric X2 test. 
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Table I shows that there is a right-side localization of calcified cys-
ticerci in the brain hemisphere (P = 0.002), which was statistically 
significant in CT scan and autopsy results in women only (P = 0.03, 
and P = 0.003, respectively). In contrast with calcified cysticerci, no 
statistically significant lateralization of vesicular cysticerci was found 
in either women or men using either the CT scan, or in autopsy cases. 
Evidence is presented of a statistically significant preferential bias 
towards the right hemisphere of single calcified cysticerci in women. 
Vesicular cysticerci did not show a hemisphere preference. Right-side 
bias of single calcified cysticerci may result from the more frequent 
entry of the parasite into the right than into the left hemisphere or from 
a differential management of the host-parasite relationship between 
hemispheres. The fact that vesicular parasites locate equally in the right 
and left hemisphere suggests equal entry of parasites into both hemi-
spheres and emphasizes the differential management hypothesis. It is 
possible that the right hemisphere may calcify incoming parasites more 
effectively, or the left hemisphere might destroy them more effectively 
without sequel, or both. Because it is only observed in women, this 
bias could be promoted by increased inflammatory response observed 
in NC females and its particular hormonal local environment (Fleury et 
aI., 2004; Chavarria et aI., 2005; Soucy et aI. , 2005). Difference in 
regional cerebral blood flow (rCBF) between women and men recently 
reported (Van Laere et aI., 200 I; Pirson et aI., 2006) could be involved. 
In this respect, it was reported that rCBF was increased in the right 
sensorimotor cortex and decreased in the left temporal cortex in women. 
It is possible that a higher rCBF in right hemisphere in women promotes 
a higher cysticerci calcification rate due to the arrival of a significant 
number of immunocompetent cells. At present, there is no way of dis-
cerning which immune mechanism involved in the host-parasite rela-
tionship would be responsible for this symmetry bias of females. Fur-
ther research is necessary to evaluate lateralization in the natural course 
of other immunoinflammatory confrontations in the brain and to un-
derstand the reasons of such an observation. 
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of the manuscript. This project was supported by DGAPA (grant num-
ber IN2l3102) and CONACyT (SALUD 46953-M). 
LITERATURE CITED 
CHAVARRIA, A., A. FLEURY, E. GARCIA, C. MARQUEZ, G. FRAGOSO, AND 
E. SCIUTTO. 2005. Relationship between the clinical heterogeneity 
of neurocysticercosis and the immune-inflammatory profiles. Clin-
ical Immunology 116: 271-278. 
DEGIORGIO, C. M., F. SORVILLO, AND S. P. ESCUETA. 2005. Neurocysti-
cercosis in the United States: Review of an important emerging 
infection. Neurology 64: 1486. 
FLEURY, A., A. DESSEIN, P. M. PREUX, M. DUMAS, G. TAPIA, C. LAR-
RALDE, AND E. SCIUTTO. 2004. Symptomatic human neurocysticer-
cosis-Age, sex and exposure factors relating with disease hetero-
geneity. Journal of Neurology 251: 830-837. 
--- , J. MORALES, R. J. BOBES, M. DUMAS, O. YANEZ, J. PINA, R. 
CARRILLO-MEZO, J. J. MARTINEZ, G. FRAGOSO, A. DESSEIN, C. LAR-
RALDE, AND E. SCIUTTO. 2006. An epidemiological study of familial 
TABLE I. Distribution of single calcified and vesicular cysticerci in 227 human NC cases. 
Calcified 
Diagnosis Total Right Left p* 
Radiological 
Men 48 28 20 0.25 
Women 88 54 34 0.03 
Histopathological 
Men 23 II 12 0.8 
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ABSTRACT: Trematodes amplify asexually in their snail intermediate 
hosts, resulting in the potential release of hundreds to thousands of free-
living cercariae per day for the life of the snail. The high number of 
cercariae released into the environment undoubtedly increases the prob-
ability of transmission. Although many individual cercariae successfully 
infect another host in their life cycle, most fail. Factors that prevent 
successful transmission of cercariae are poorly understood. Microcrus-
taceans and fish have been observed to eat cercariae of some species, 
although the possibility that predation represents a significant source of 
mortality for cercariae has been largely unexplored. We tested the cer-
cariophagic activity of several freshwater invertebrates on Ribeiroia on-
datrae, a trematode that causes limb deformities in amphibians. Indi-
viduals of potential predators were placed into wells of multiwell plates 
with 10-15 cercariae, and numbers of cercariae remaining over time 
were recorded and compared with numbers in control wells that con-
tained no predators. Of the species tested, Hydra sp., damselfly (Odon-
ata, Coenagrionidae) larvae, dragonfly (Odonata, Libellulidae), larvae, 
and copepods (Cyclopoida) consumed cercariae. In some cases, 80-
90% of the cercariae offered to damselfly and dragonfly larvae were 
consumed within 10 min. In most cases, prlidators continued to consume 
cercariae at the same average rates when offered cercariae together with 
individuals of an alternate prey item. Hydra sp. ate fewer cercariae in 
these trials. Our findings suggest the need for field and laboratory stud-
ies to further explore the effects of predators on transmission of R. 
ondatrae to amphibian larvae. In addition, the results suggest that con-
servation of the biodiversity and numbers of aquatic predators may limit 
adverse impacts of trematode infections in vertebrate hosts. 
Coinciding with declines in North American amphibian populations 
over the past decade is an increase in the frequency of limb deformities, 
with 50% or more deformities occurring in many populations (Johnson 
et al., 2002, 2003). Although it has yet to be determined if some of the 
deformities observed in wild populations can be attributed to other ter-
atogenic factors, such as UV radiation and pesticide contamination, lab-
oratory and field-based investigations have pointed to infection by trem-
atode cercariae of the species R. ondatrae as the most likely cause, at 
least of supernumerary and branched limbs (Johnson et aI., 1999,2002; 
Blaustein and Johnson, 2003; Taylor et al., 2006). 
Species of Ribeiroia have complex life cycles in which snails become 
infected by miracidia and release free-swimming cercariae in large num-
bers (A. Schotthoefer, pers. obs.). The cercariae go on to infect tadpoles 
or fish, encysting as metacercariae. When these latter infected inter-
mediate hosts are ingested by avian or mammalian definitive hosts, 
Ribeiroia spp. develop to their adult stage and may engage in sexual 
reproduction (Johnson et aI., 2004). Whether tadpoles develop defor-
mities is a function of the timing and intensity of infections acquired 
during the early period of limb development (Johnson et aI., 1999; 
Schotthoefer, Koehler et aI., 2003). Identifying the conditions in aquatic 
habitats that influence the likelihood of transmission of R. ondatrae 
cercariae and tadpoles during this sensitive period is critical for under-
standing the emergence of this infectious disease. 
The density of infective R. ondatrae cercariae in the environment is 
likely an important determinant of tadpole infection. Though the num-
ber of infected snails and the number of cercariae released by each 
infected snail will be central to determining the density of cercariae in 
the environment, factors that facilitate or hinder the survival or ability 
of cercariae to locate and infect tadpoles once released by snails will 
also be of critical significance. It has been proposed that cercariae are 
lost from the infective stage pool through predation by small aquatic 
predators (Anderson et aI., 1978; Lafferty et aI., 2006). Microcrusta-
ceans and fish, for example, have been reported to eat cercariae of 
Schistosoma mansoni (Rowan, 1958; Knight et aI., 1970; Christensen, 
1979). However, few studies have demonstrated cercariophagic activity 
of predators. Therefore, it is important to begin to examine the possi-
bility that predation represents a significant source of mortality that 
naturally limits cercaria transmission. In this study, we explored the 
cercariophagic potential of several invertebrate aquatic organisms, in-
cluding members of the phyla Arthropoda (Odonata, Coleoptera, An-
omopoda, Notostraca, Cyclopoida) and Cnidaria (Hydroida). 
Preliminary observations of the potential cercariophagic activity were 
made with Hydra sp. (Hydroida), Daphnia pulex (Anomopoda), Triops 
sp. (Notostraca), copepods (Cyclopoida), damselfly larvae (Odonata, 
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TABLE I. Summary of the experimental trials conducted. Listed are the predator species tested, the numbers of Ribeiroia ondatrae cercariae placed 
into wells with each individual predator, the alternate food organisms offered (number of individuals) and whether or not cercariae were consumed. 
Preliminary observations Feeding and preference trials 
Cercariae No. No. 
Predator species No. cercariae consumed? cercariae/trial predators/trial Alternate prey species (No.) 
Cnidaria 
Hydra sp. 10 + 
Arthropoda 
Cyclopoid copepod 10 + 
Daphnia pulex 10 
Triops sp. 10 
Dragonfly larvae 10 + 
Damselfly larvae 10 + 
Diving beetle 10 
Coenagrionidae), dragonfly larvae (Odonata, Libellulidae), and adult 
diving beetles (Coleoptera, Dytiscidae). Organisms for study were col-
lected from the wild at ponds located in Champaign and Jasper Coun-
ties, Illinois, or supplied by Carolina Biological Supply (Burlington, 
North Carolina). All animals were maintained in the laboratory on a 12 
hr dark:12 hr light cycle. Individuals (n = 2-3) of each invertebrate 
species were placed individually in wells of 6- or 24-well multi well 
plates, depending on the size of the organisms, with carbon-filtered tap 
water and lOR. ondatrae cercariae. Wells were observed under a dis-
secting microscope for a maximum of 20 min and the individual pred-
ators that consumed cercariae were recorded (Table I). All cercariae 
used in these initial observations and in our feeding trials were from 
naturally infected snails (Planorbella trivolvis) obtained from a private-
ly owned pond in Urbana, Illinois (400 08'30"N, 88°11 '30"W). 
Separate feeding trials were conducted to quantify the rate at which 
Hydra sp., damselfly and dragonfly larvae, and cyclopoid copepods ate 
cercariae (Table I). Cercariae (0-5 hr old) were isolated from infected 
snails and placed in wells of multiwell plates. Individual predators (n 
= 8-14/trial) were introduced sequentially at 8-30-sec intervals into the 
wells with the cercariae (1 predator/well containing cercariae). The 
numbers of cercariae remaining in the wells at distinct time points fol-
lowing addition of the predators were recorded. Control wells (n = 2), 
in which cercariae but no predators were added, were established for 
each trial to determine the senescence rate of cercariae during the trial 
period. Different sized wells and volumes of water were used in the 
trials involving different predator species to adjust for the wide variation 
in the sizes of the predators (approximate lengths: < 1 mm for copepods, 
2-3 mm for Hydra sp., 7-9 mm odonate larvae). Thus, Hydra sp. and 
copepod trials were conducted in 15-mm-diameter wells of 24-well 
plates containing 160 ILl and 2 ml of carbon-filtered tap water, respec-
tively, and 10 R. ondatrae cercariae each. The number of cercariae 
remaining in wells was recorded at 5, 10, 30, and 60 min. Damselfly 
and dragonfly larvae trials were conducted in 35-mm-diameter wells of 
6-well plates containing 8 ml of carbon-filtered tap water and 15 R. 
ondatrae cercariae. The number of cercariae remaining in wells was 
recorded at 2.5, 5, 7.5, and 10 min. A Sony DCR-TRV33 camcorder 
was used to capture video images of the wells during the feeding trials 
and assist with enumeration of the cercariae at the various time inter-
vals, as the tape could be played back on a standard television monitor. 
To determine if predators would consume cercariae when offered 
another prey item, preference feeding trials were conducted employing 
the same method as described, with wells in which cercariae and indi-
viduals of another prey item were added. The alternate prey item used 
for Hydra sp. and the damselfly and dragonfly larvae was D. pulex, and 
for the copepods it was Paramecium caudatum (Table I). Daphnia pu-
lex, the copepods, and P. caudatum were reared in the laboratory with 
methods described in Dodson and Frey (2001) and Suarez et al. (1992). 
The Hydra sp. and copepod preference trials were conducted with dif-
ferent individuals than those used in the cercariae-only feeding trials. 
For the Hydra sp. preference trial, individual Hydra sp. (n = 14) were 
offered 2 D. pulex and 10 cercariae. For the copepod preference trial, 
10 14 Daphnia pulex (2) 
10 10 Paramecium caudatum (~23) 
15 8 Daphnia pulex (5) 
15 8 Daphnia pulex (5) 
individual copepods (n = 10) were offered the number of P. caudatum 
contained in 330 ILl removed from a culture dish (average :!: 1 SD 
number of P. caudatum individuals = 23.3 :!: 8.12) and 10 cercariae. 
The same individual damselfly (n = 8) and dragonfly (n = 8) larvae 
used in the cercariae-only trials were used in: the preference trials. In 
these trials, odonate larvae were offered 5 D. pulex individuals and 15 
cercariae (Table I). The numbers of cercariae and alternate prey indi-
viduals offered to predators was arbitrarily chosen and adjusted based 
on the general sizes of the predators. The cercariae-only and preference 
trials were conducted within a l-wk period. Prior to each feeding trial, 
predators fasted for 24 hr. At the end of the trials, predators were nec-
ropsied with the aid of a dissecting microscope 24 hr after cercariae 
consumption to assess them for the presence and number of metacer-
cariae. 
During the Hydra sp. feeding trial, some cercariae were consumed, 
and others were paralyzed by contact with the tentacles of Hydra sp. 
individuals. We considered these cercariae disabled and presumably 
noninfective, and therefore included them in our counts of cercariae 
killed by predators. 
Numbers of cercariae eaten (or disabled) by Hydra sp. and the co-
pepods were compared between cercariae only wells and cercariae plus 
alternate food wells using repeated measures analysis of variance. 
Paired t-tests were conducted at each time point to compare numbers 
of cercariae eaten with and without alternate food for the dragonfly and 
damselfly larvae triais. A level of P < 0.05 was chosen to detect sig-
nificant differences (Zar, 1996). 
Of the organisms tested, R. ondatrae cercariae were consumed by 
Hydra sp., the damselfly and dragonfly larvae, and the cyclopoid co-
pepods (Table I). Daphnia pulex demonstrated no apparent response to, 
or interest, in the swimming cercariae. The diving beetles and Triops 
sp. also did not consume cercariae. When these organisms were placed 
in wells, they displayed erratic swimming behavior that seemed to dis-
tract them from eating anything. It is not clear if these organisms would 
consume cercariae under more natural conditions. 
The dragonfly and damselfly larvae exhibited the greatest cercario-
phagic capability. Dragonfly larvae consumed, on average, about 7 
(49.6%) of the cercariae offered in wells within 10 min, regardless of 
the presence of D. pulex. About half of the individuals tested consumed 
more than 50% of the cercariae offered during the trials and, on average, 
at least 1 cercaria was consumed within 2.5 min. The maximum number 
of cercariae consumed by any dragonfly during these IO-min trials was 
14 (93.3% of cercariae offered). Although dragonflies also consumed 
D. pulex individuals (average, :!: 1 SD in 10 min = 2.38, 1.303) during 
the preference trials, the presence of D. pulex did not affect the pro-
portion of cercariae consumed by dragonflies at each time point (paired 
t-tests, all P 2: 0.407) (Fig. la). Damselflies also readily consumed 
cercariae. Most individuals ingested at least 1 cercariae within 2.5 min, 
and on average, 5 (33.7%) of the cercariae offered had been consumed 
within 10 min. Again, the presence of D. pulex had no effect on con-
sumption of cercariae (paired t-tests, all P 2: 0.761), even though dam-
selflies also ate D. pulex (average, 1 SD in 10 min = 3.13, 0.835) (Fig. 
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FIGURE 1. Percentages of Ribeiroia ondatrae cercariae consumed by 
(A) dragonfly larvae, (B) damselfly larvae, (C) cyclopoid copepods, and 
(D) Hydra sp. during feeding trials. Error bars show :+:: 1 SE. 
lb). Copepods and Hydra sp. consumed cercariae, but at slower rates 
than the odonate larvae. Copepods only ate about 2 cercariae in 10 min 
and, on average, 3 cercariae were ingested in 60 min. These numbers 
were unaffected by the presence of P. caudatum (P = 0.982), which 
were also eaten (Fig. lc). The most cercariae consumed by any indi-
vidual copepod was 6 in 60 min. Only 1-2 individuals consumed more 
than 50% of the cercariae offered during the feeding and preference 
trials. Hydra sp. disabled about 3 cercariae in 10 min and 6 cercariae 
in 60 min in the absence of the alternate food item, D. pulex. The 
presence of D. pulex significantly reduced the number of cercariae re-
moved from wells by the Hydra sp. (P = 0.003), such that only 1 and 
3 cercariae, on average, were disabled in 10 and 60 min, respectively 
(Fig. ld). Ten of the 14 (71.4%) Hydra sp. individuals used in this 
feeding preference trial consumed 1 or both of the D. pulex offered to 
them with cercariae. None of the cercariae in any of the control wells 
died during the experiments. Necropsies conducted on predators 24 hr 
following trials revealed that none of the predators tested became in-
fected with R. ondatrae metacercariae following consumption. 
Transmission rates are of central importance to the dynamics of host-
parasite populations (Anderson and May, 1978). Many factors may in-
fluence the transmission of cercariae between snails and their second 
intermediate hosts, including the densities, dispersion patterns, and de-
mographics of the cercariae and host populations, as well as environ-
mental factors, such as temperature (Evans et aI., 1981; Evans, 1985; 
McCarthy, 1990; Pechenik and Fried, 1995; Schotthoefer, Cole, and 
Beasley, 2003; Ponder and Fried, 2004; Poteet, 2006). In addition, the 
composition of the aquatic community probably plays a role in at least 
2 important ways. First, the availability of alternate hosts may interfere 
with transmission of cercariae to a particular host species by serving as 
competing targets for cercariae (e.g., McCarthy and Kanev, 1990). Sec-
ond, cercariae may be preyed upon and killed by nonhost species, pre-
venting transmission (Anderson et aI., 1978; Lafferty et aI., 2006). 
Here we demonstrate that R. ondatrae cercariae are indeed consumed 
by invertebrate predators belonging to 3 major taxonomic groups and, 
for most of the predators examined, consumption was not altered by 
the availability of other prey items. In particular, odonate larvae dis-
played the highest consumption rate, and Hydra sp. and the cyclopoid 
copepods had the lowest rates of cercariophagia. Dragonfly and dam-
selfly larvae are important predators in aquatic communities, especially 
in the benthic and littoral zones (Johnson, 1991). They are considered 
to be generalized carnivores, feeding on any prey item that is within 
their ability to capture and consume (Thompson, 1978; Westfall and· 
Tennessen, 1996). Therefore, it is perhaps not surprising that they con-
sumed the R. ondatrae cercariae. In contrast, copepods are considered 
omnivorous, but selective in their feeding, with some species tending 
to be more herbivorous than others (Williamson and Reid, 2001). For 
Hydra sp., handling time was obviously a factor in limiting the number 
of cercariae consumed during our trials. This was especially evident 
when cercariae were offered with D. pulex; the capture of an individual 
D. pulex would interfere with a Hydra's ability to consume cercariae. 
Interestingly, however, the Hydra's cercariacidal effects extended be-
yond their ingestion of cercariae and included killing by stinging. 
Predation on cercariae by nonhost species has been described in the 
past. Rowan (1958) and Knight et aI. (1970) reported on the cercario-
phagic activity of Lebistes reticulatus (guppy) on Schistosoma mansoni 
cercariae, and Christensen (1979) found that D. pulex and Daphnia 
longispina (Cladocera), plus Notodromas monacha and Cypria ophthal-
mica (Ostracoda), as well as L. reticulates, were predators of S. mansoni 
cercariae. Experiments conducted by Christensen (1979) and Christen-
,en and Frandsen (1980) found that consumption of cercariae by pred-
atuis interfered with transmission of S. mansoni cercariae to laboratory 
mice. The latter authors also demonstrated that the ability of predators 
to consume cercariae and reduce transmission to mice was dependent 
on the turbidity of the water used in experiments. In turbid water, pred-
ators did not interfere significantly with transmission, suggesting that 
predation upon cercariae was dependent on visual cues. 
In oui' preliminary observations, we noted that when copepods were 
placed in wells containing water from their culture dishes, which con-
tained a high algal content, they did not appear to feed on R. ondatrae 
cercariae as they did in our formal experiments, in which clear, carbon-
filtered w.:ter was used. This suggests that algal content of water may 
affect cercanophagic behavior, perhaps by creating turbidity and de-
creasing visibility of cercariae, or by providing an alternate, stationary 
food source that requires less effort to acquire. The effects of environ-
mental factors, including water algal content, plant content, turbidity, 
and shade on cercariophagic activity, are worthy of further investigation. 
In addition to environmental factors, there are likely species-specific 
traits that may influence a predator's cercariophagic ability, i.e., foraging 
behavior, and microhabitat preferences, which we did not examine here, 
but which would provide important information on the predators most 
likely to influence cercariae transmission in nature. Moreover, the rel-
ative densities of potential predators versus the densities of cercariae 
and other prey items will probably also playa role in determining which 
predators are most important in different wetland settings. We arbitrarily 
chose the densities of 10 or 15 cercariae to feed to the predators in our 
trials, and conducted all trials in the evenings when cercariae were 
available from shedding snails. Obviously, the cercariophagic ability of 
different predators in nature may vary depending on the densities of 
cercariae available to them in their microhabitats during their active 
foraging times of the day. Further investigation of the cercariophagic 
activity of potential cercariae predators in the context of environmental 
and predatory-prey community dynamics will provide a framework by 
which to group likely predators and unlikely predators. 
The observations reported here suggest the loss of R. ondatrae cer-
cariae through predation may be an important regulatory function in 
transmission of cercariae to tadpoles in nature, and therefore may affect 
the occurrence of limb deformities in amphibian populations. We pro-
pose that there is need to examine determinants of cercariophagic ac-
tivity by aquatic predators to assess the significance of such processes 
in protecting intermediate and definitive vertebrate hosts from trematode 
infections. The relevance of cercariophagic activity to the transmission 
dynamics of cercariae under natural versus anthropogenically altered 
conditions also needs to be explored. 
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ABSTRACT: The present study examined phenotypic variation in infec-
tivity of Diplostomum spathaceum (Trematoda) cercariae within a nat-
ural population. Twelve infected Lymnaea stagnalis were collected from 
the field, and the infectivity of cercariae from individual snails was 
assessed under constant laboratory conditions. At a water temperature 
of 16.3 C, the mean infectivity of cercariae from the snails varied be-
tween 55.5% and 87.5%. Depending on the source of variation, this 
may have important ecological and evolutionary implications for both 
natural parasite populations and those occurring in aquaCUlture. 
Variation in infectivity of parasites and susceptibility of their hosts 
and factors underlying this variation represent one of the fundamental 
features of the ecology of parasite-host relationships. Earlier, variation 
in transmission success of parasite infective stages was shown to be 
driven by environmental factors such as temperature (Lyholt and Buch-
mann, 1996; McCarthy, 1999), pollutants (Pietrock et aI., 2002), para-
site and host genetics (Lively, 1989; Koskela et aI., 2002), and host 
ecological condition (Keas and Esch, 1997; Abrous et aI., 2001). How-
ever, much of the research on the variation in parasite life history traits 
has focused on differences between geographical regions and laboratory 
lines (Wakelin and Goyal, 1996; Paterson and Viney, 2003). Studies 
examining variation within parasite populations are relatively scarce, 
although it may have important ecological and evolutionary implica-
tions. Variation, for example, may affect infection dynamics in individ-
ual hosts, and, when it is at least partly heritable (Lively, 1989; Carius 
et al., 2001), it forms the basis for evolutionary change. This is impor-
tant also from an applied point of view when considering epidemiology 
and evolution of parasites and pathogens, which have established in 
intensive monocultures from wild populations. Thus, to evaluate these 
implications, we should first acquire estimates of life history variation 
within natural parasite populations, which include all the variation 
emerging from parasite and host characteristics. 
In the present study, we examined within-population variation in the 
infectivity of Diplostomum spathaceum (Trematoda) cercariae by com-
paring cercariae released by different field-collected host individuals 
under standardized laboratory conditions. We were particularly iRter-
ested in the level of variation in cercariae infectivity, but we also discuss 
possible causes and consequences of this variation. 
Diplostomum spathaceum matures in the intestine of fish-eating birds, 
from which the eggs are released in the water with the bird's feces 
(Chappell et aI., 1994). Eggs hatch to free-swimming miracidia, which 
infect the snail first intermediate host. Within the snail, the parasites 
develop into sporocysts that reproduce asexually, producing free-swim-
ming cercariae. Thus, in the case of a sing1;:,miracidium !n,p"ticn. ~pr_ 
cariae produced by a snail are genetically identical. Cercariae infect tbe 
fish second intermediate host by penetrating the gills and skin ana mi-
grate to the eye lenses where they develop to metacercariae (Ch~opel1 
et aI., 1994). Diplostomum spathaceum is common in a range of fresh-
water fish species (Valtonen and Gibson, 1997) and is found also in 
farmed fish (Field and Irwin, 1994; Karvonen et aI., 2006), where par-
asite-induced cataracts (Karvonen, Seppala, and Valtonen, 2004) cause 
significant economic losses by impairing feeding of fish (Crowden and 
Broom, 1980; Owen et aI., 1993) and increasing their susceptibility to 
predation (Seppala et aI., 2004, 2005). The parasite's life cycle is com-
pleted when an infected fish is eaten by a fish-eating bird (Chappell et 
aI., 1994). 
We collected a sample of Lymnaea stagnalis from Lake Huumonjarvi 
in northern Finland (65°06'N, 26°08'E) and brought the snails to the 
laboratory. We separated snails infected with D. spathaceum from other 
snails by observing the morphology and behavior of released cercariae 
in vivo (Niewiadomska, 1986). We placed 12 D. spathaceum-infected 
snails individually in glass jars containing 2 dL of water and allowed 
them to release cercariae for 4 hr. We estimated the number of cercariae 
released by taking 10 I-ml samples from each jar. We then exposed 10 
randomly selected, 0+ yr-old rainbow trout (Oncorhynchus mykiss) to 
cercariae from each snail. Fish were obtained from a commercial fish 
farm where they had been reared in indoor tanks supplied with ground 
water. This ensured that fish had no previous experience with D. spa-
thaceum. We conducted the exposures by placing the fish individually 
into containers with 0.5 L of water (16.3 C) and 70 cercariae for 20 
min. We used standardized laboratory conditions to prevent possible 
effects of environmental factors on the cercariae. Thus, cercariae infec-
tivity reflected the variation caused only by parasite and snail charac-
teristics. After the exposure, we maintained the fish in 185-L tanks for 
27 days. Although the parasite establishment in the eyes takes place 
very quickly, within 24 hr from exposure (Whyte et aI., 1991), a longer 
maintenance period was used to allow parasite development and easy 
detection. Fish were maintained in large tanks because rainbow trout 
cannot be maintained in small containers for long periods. During the 
maintenance, water temperature decreased to 12.0 C, corresponding to 
ambient water temperature in nature during the study. We killed the fish 
with an overdose of 0.01 % MS 222 (Sigma Chemical Co., St. Louis, 
Missouri), measured the length (± 1 mm) and mass (±O.l g) of each 
fish, and counted the number of parasites in lenses by dissecting the 
eyes. We used the proportion of parasites that had successfully estab-
lished the eye lenses as an estimate of parasite infectivity. The relation-
ship between the number of cercariae released by each snail, and their 
infectivity, was not examined because cercariae release by D. spatha-
ceum is highly variable (Karvonen, Kirsi et aI., 2004). Thus, the short 
time period (4 hr) used in the experiment was unlikely to provide re-
liable estimates of cercariae production. 
Eighteen fish of the total of 120 exposed to cercariae died during the 
maintenance period (0-4 individuals from fish exposed to cercariae 
from each snail) and were excluded from further analysis because their 
parasite abundances could not be measured reliably. The average (±SE) 
body length and mass of the fish were 76 ± 1.0 mm and 5.1 ± 0.2 g, 
respectively, and fish exposed to cercariae from different snails did not 
differ in size (analysis of variance [ANOVA]: length: FII = 1.232, P 
= 0.278; mass: Fll = 1.216, P = 0.288). Cercariae infectivity varied 
between different snail individuals (Kruskal-Wallis test: X2 = 28.749, P 
= 0.002; Fig. 1) because the mean proportion of parasites successfully 
establishing the lenses ranged between 55.5% and 87.5%. The average 
infectivity of the cercariae released by individual snails did not affect 
the number of fish that died during the maintenance period (linear re-
gression: R2 = 0.019, Fuo = 0.195, P = 0.668). 
Corresponding to our earlier findings (Karvonen et al., 2005), we 
vbserved that D. spathaceum is highly infectious to naIve rainbow trout. 
Hv.vever, the infectivity of cercariae released by individual snails was 
also highly variable, ranging between 55.5% and 87.5%. In general, 
variation in infectivity may be generated by parasite and host charac-
teristics, as well as conditions of the surrounding environment. In this 
case, however, the experiment was conducted under constant laboratory 
conditions, which is why the effects of environmental factors such as 
tempet<lture (Lyholt and Buchmann, 1996; McCarthy, 1999) directing 
on released cercariae are unlikely to explain the result. Thus, this study 
shows that when natural variation in both parasite and host character-
istics is involved, life history variation within parasite populations can 
be high. ;)"oending on the source of variation, this may have important 
ecological ana evolutionary implications. 
First, variation in parasite infectivity may be due to parasite charac-
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FIGURE 1. Average infectivity of Diplostomum spathaceum cercar-
iae (±SE) produced by different snail individuals, in rank order. Infec-
tivity is measured as the proportion of parasites successfully infecting 
fish eyes after exposure to 70 cercariae. 
teristics such as genetic differences between cercariae produced by dif-
ferent snail individuals (see also Rauch et al., 2006). This is because 
snails become infected with different, sexually produced miracidia, and 
the subsequent asexual reproduction in the snails gives rise to clonal 
popUlations of cercariae. It must be stressed, however, that the snails of 
this study were collected from nature where it is possible that they have 
been infected with more than 1 miracidia (Rauch et aI., 2005). However, 
in the case of multiple genotype infections, most of the cercariae are 
still produced by a single parasite genotype (Rauch et aI., 2005), which 
suggests that the variation in infectivity may have a genetic basis. Fur-
thermore, ecological factors such as the age of the sporocysts within a 
snail may affect cercariae characteristics. This could occur, for instance, 
if the amount of resources available for the parasite changes as the 
infection spreads within the host tissues. In this study, however, this is 
unlikely to explain the result because all infections had already ad-
vanced to a mature phase when most of the snail tissues were occupied 
by the parasite. 
Second, in addition to parasite characteristics, those of the host may 
also affect infectivity of produced cercariae. For instance, it is possible 
that some of the individual snails show hillher resistance to host ex-
ploitation by the parasite and thus reduce die quality (infectivity) of the 
cercariae. In this case both genetic and ecological factors may be in-
volved. For example, stinging nettle (Urtica dioica) shows family-level 
variation in resistance against growth of a holoparasitic plant (Cuscuta 
europaea) (Koskela et aI., 2002). On the other hand, in trematode-snail 
interactions, host individuals given low-quality diets release fewer cer-
cariae compared to individuals fed high-quality diets (Keas and Esch, 
1997; Sandland and Minchella, 2003). This suggests that host exploi-
tation by parasites is dependent on host condition, which may also im-
pact the quality of the cercariae released from the host. 
Overall, variation in parasite infectivity, and factors underlying this 
variation, may influence parasite infection dynamics within host popu-
lations. If, for example, host exploitation by the parasites is reduced in 
poorly conditioned hosts, factors such as environmental stress may even 
reduce parasite population size (Pulkkinen and Ebert, 2004). Further-
more, if variation is at least partly heritable, it enables evolutionary 
change as a response to natural selection (Lively, 1989; Carius et aI., 
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2001). This could have important economic consequences in aquacul-
ture where Diplostomum spp. parasites commonly infect several fish 
species (Field and Irwin, 1994; Karvonen et aI., 2006). Conditions at 
fish farms facilitate rapid completion of the life cycle because all host 
species required by the parasite are abundant in most cases. Thus, nat-
ural selection favoring most infective genotypes could lead rapidly to 
evolution of more infectious parasite strains (Gandon, 2004). Therefore, 
further studies examining those factors that lead to phenotypic variation 
in parasite infectivity are in high demand. The variation in cercariae 
infectivity between snails also raises an interesting methodological 
question regarding experimental designs using trematode cercariae. Be-
cause these experiments are usually conducted by extracting cercariae 
from infected hosts, it becomes especially important to have a sufficient 
replication of host individuals to gain comprehensive and reliable results 
of infection processes in these systems. 
Konnevesi Research Station provided the facilities for the experi-
ment. Anonymous reviewers gave valuable comments on the manu-
script. The study was funded by the Emil Aaltonen Foundation, Kone 
Foundation, the SUNARE research program of the Academy of Finland, 
and the Academy of Finland Centre of Excellence in Evolutionary Re-
search. 
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Effect of Climatic Warming on the Pacific Walrus, and Potential Modification of Its 
Helminth Fauna 
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Washington, Box 357190, Seattle, Washington 98195-7190; *Department of Wildlife Management, North Slope Borough, P.O. Box 69, Barrow, 
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ABSTRACT: The decreasing extent of sea-ice in the arctic basin as a 
consequence of climatic warming is modifying the behavior and diets 
of pagophilic pinnipeds, including the Pacific walrus, Odobenus ros-
marus divergens Illiger, the species emphasized here. Mammals such as 
the walrus and bearded seal, Erignathus barbatus (Erxleben), cannot 
remain associated with the sea-ice, and continue to feed on their usual 
diet of benthic invertebrates inhabiting coastal waters to a depth of 
approximately 100 m, when the northwestward retreating ice reaches 
deep waters beyond the margins of the continental shelf. With reduction 
of their customary substrate (ice), the walrus has become more pelagic 
and preys more often on ringed seals, Phoca hispida Schreber. Dietary 
changes, with modifications of helminth faunas, may be induced by 
various factors. Increased consumption of mammals or their remains by 
walruses may lead to a higher prevalence of trichinellosis in them and 
to more frequent occurrence in indigenous peoples inhabiting the arctic 
coasts. To assess predicted effects on the composition of helminth fauna 
of the walrus, we recommend systematic surveys of their helminths as 
part of research on effects of climatic warming. 
Compared with temperate and tropical ecosystems, those of the Arc-
tic and Subarctic have been less disruptcd by the impact of rapidly 
increasing human populations and associated phenomena. In recent 
years, as a consequence of anthropogenic factors, warming of the cli-
mate of the Arctic (defined as the region north of the mean 10 C iso-
therm for the warmest month of the year) is predicted to have severe 
to disastrous effects on pagophilic mammals and other organisms in the 
arctic basin. Here, we briefly consider the observed influence of climatic 
warming on pagophilic marine mammals of 4 species that occur in the 
Chukchi and Beaufort seas bordering the north coasts of Alaska: polar 
bear, Ursus maritimus L.; Pacific walrus, Odobenus rosmarus divergens 
Illiger; bearded seal, Erignathus barbatus (Erxleben); and ringed seal, 
Phoca hispida Schreber. Especially, we stress the effects of climatic 
warming on the Pacific walrus and the potential modification of the 
composition of its helminth fauna. Its fauna is not so diverse in species 
as those of the other pinnipeds, and according to our observations, the 
polar bear has few helminths--only Trichinella nativa Britov et Boev, 
1972, and rarely, the intestinal nematode Pseudoterranova declpiens 
(Krabbe, 1878). 
After having greatly depleted the population of the bowhead whale, 
Balaena mysticetus L., commercial whalers in the Arctic turned their 
attention to the Pacific walrus in about 1859, and by the 1870s, " ... 
virtually the entire fleet was hunting walruses" (Bockstoce, 1986, p 
131). An estimated 150,000 walruses were killed by whalers, about 85% 
having been taken in 1869-1878 (Bockstoce, 1986, p 135). After com-
mercial whaling ceased, walruses increased in numbers. Fay (1982, p 
240) stated that the world population numbered about 200,000 by 1978, 
of which, during the warmer months, about 80% occurred in the Bering-
Chukchi region. 
The polar bear also has been an important resource for the indigenous 
peoples inhabiting the Alaskan arctic coast and elsewhere. During at 
least about 2 decades preceding 1972, hunting of bears by nonindige-
nous persons, usually with the use of aircraft, removed many bears 
along the arctic coast. Although reliable data are unavailable, evidently 
polar bears have increased in the Bering and Chukchi seas since the 
Marine Mammals Protection Act of 1972 restricted the taking of marine 
mammals except by indigenous people for subsistence purposes (Am-
strup and DeMaster, 1988). 
Numbers of 2 species of pagophilic pinnipeds, the bearded seal and 
the ringed seal, seem to have persisted at near natural levels. The beard-
ed seal, like the walrus, feeds mainly on benthic invertebrates in the 
relatively shallow waters over the continental shelf, and it is not so 
discriminating in selecting type of sea-ice (Kelley, 1988); they maintain 
breathing-holes in the ice in winter. The ringed seal feeds on inverte-
brates as well as on fishes. It is closely associated with sea-ice, and it 
also makes breathing-holes in winter. The young are born in subnivean 
lairs in pack-ice or shorefast ice. 
Notwithstanding the early exploitation of marine mammals, mainly 
during the 19th century, only one species in the far north is known to 
have become extinct during historical time. Steller's sea cow, Hydro-
damalis gigas (Zimmermann), existed in some numbers around the Ko-
mandorskie Islands (Bering and Mednyi) in the northern Bering Sea. It 
was first observed by Europeans in 1741, by the remaining crew of the 
ship Saint Peter of the Bering Expedition, which overwintered on the 
island lat<!r named for Bering. The ship grounded there, and on the 
following day, Georg Wilhelm Steller observed in the surrounding shal-
low waters along shore a large marine mammal (up to 30 feet in length, 
with a weight estimated by Steller at 3 tons) that he recognized as a 
sirenian (Stejneger, 1936, pp 318 and 354). Steller (1753, p 75) provided 
a description of the anatomy of a female specimen and noted also (p 
75) the presence of a large nematmlt: ill the stomach and upper duo-
denum: "Die innere tunica des Magens war von weissen Wiirmern 
(lumbricis) die einen halben fuss Uinge hatten, durchfressen, auch war 
der gantze Magen, dessen PfOrtner (pylorus) und der zwOlfFingerdarm 
damit angefiillet." The sea cow had disappeared from around Mednyi 
Island by 1754, and the last individual of the species was killed on 
Bering Island in 1768 (Forsten and Youngman, 1982). The gastric nem-
atode, probably host specific, was never recorded again, and we have 
no doubt that it became extinct along with its host. 
As a result of climatic warming, the eventual extinction--conceivably 
relatively soon-of other arctic sea mammals is now a frequent sug-
gestion. That the extent of sea-ice in arctic and subarctic regions has 
been decreasing for nearly 50 yr has been reported by Vinnikov et al. 
(1999). Maslanik et al. (1999) reported that 7% of the arctic basin that 
had been perennially ice covered was free of ice in 1998 and that the 
distance to the edge of the pack-ice north of Barrow, Alaska (ca. 
71°23'N, 156°28'W), in September 1998 was 46% greater than in the 
record years 1954 and 1958 (568 krn vs. 390 krn) and that freeze-over 
of the sea did not occur until the second week of November. (In autumn 
2006, it was observed [J.e.G. and H.K.B.J that the sea along the arctic 
coast off Barrow had not yet frozen by the end of November.) Accord-
ing to Arctic Climate Impact Assessment (2004, p 25), arctic sea-ice 
was at its lowest concentration on record in September 2002. The de-
crease in sea-ice during recent years has been sufficient to indicate that 
climatic warming may have a devastating effect on pagophilic mammals 
thrQughout the Arctic. 
In the central Arctic, mammals of the aforementioned 4 species have 
already been affected to a lesser or greater degree by reduction of sea-
ice during the warmer months of the year. Ringed seals often establish 
dens for their young in shorefast ice (Kelly, 1988), a zone that now is 
subject to unpredictable disruption (George et aI., 2004). That seal also 
is the major prey of the polar bear, which requires a firm (ice) substrate 
for successful hunting. Increasing duration of the ice-free period in the 
eastern Arctic, at least, prevents hunting of seals, and this increase is 
expected to cause nutritional stress and deteriorated physical condition 
of the bears (Stirling and Derocher, 1993; Stirling and Parkinson, 2006). 
The bearded seal frequented the southern margins of the pack-ice, which 
now annually retreats northward beyond the northern edge of the con-
tinental shelf. Although the behavior of all species of pagophilic marine 
mammals is influenced by climatic warming, we focus here the effects 
of this warming on the Pacific walrus, with consideration of consequent 
conditions that may modify the composition of its helminth fauna. 
The pattern of seasonal migrations and diet of the Pacific walrus as 
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FIGURE 1. Map, Bering Strait and surrounding region. The 100-m contour line represents approximately the edge of the continental shelf to 
the north and south of Alaska. 
were typical until about the early 1980s has been described by Fay 
(1982), from whose work most of the following details have been taken. 
The walrus winters in the northern Bering Sea. In spring, the greater 
part of the population migrates northward through the Bering Strait into 
the adjacent seas (Fig. 1). Part of the population, mostly males, remains 
in the Gulf of Anadyr' and in Bristol Bay during the warmer months 
(Fay, 1982, p 14). According to Fay (1982, p 8), >90% of the seas 
north of Bering Strait were covered by ". .. a relatively stable, neavy 
ice during the month of January"; in February, northern winds contin-
ued to drive the sea-ice southward in the Bering Sea until it reached 
nearly the southern margin of the continental shelf (far to the south of 
the Bering Strait). As ice in the Bering Sea began to melt in spring, 
northward migration of walruses toward Bering Strait was evident in 
April. By May, a large part of the popUlation had passed through the 
Bering Strait, and some had reached the western Chukchi Sea. Disper-
sion northeastward continued through Ju1)/', -and by August many of the 
animals were present on ice-floes along the arctic coast between Icy 
Cape and Barrow, where they were available to Ifiupiaq hunters (Fig. 
2). (At present, the Ifiupiat at Barrow hunt walruses in June, when they 
are closer to shore.) As noted by Fay (1982, p 21), walruses are trans-
ported northward on ice-floes by southerly winds and sea currents, re-
quiring little effort on their part. The condition of the surfaces of ice-
floes transporting groups of walruses is indicative of a long period of 
occupation. Few of the animals dispersed eastward beyond ca. 1500 W 
(Fay, 1982). 
During September and October, most of the animals had migrated 
southwestward and southward, through Bering Strait. A few, mostly 
adult males, sometimes winter in the ice-covered seas north of Bering 
Strait, where they often preyed on ringed seals (Fay, 1960; Rausch, 
1970). By September, ice in the central Chukchi Sea had attained its 
minimal extent, its southern margin being at about 74°N, but its edge 
to east and west was farther south (Fay, 1982, p 17). Such conditions 
evidently prevailed for many centuries, nor does the traditional knowl-
edge of the Ifiupiat suggest any deviation. While in the Chukchi Sea, 
walruses formerly remained south of the 100-m isobath, where they 
characteristically fed in waters no deeper than 80 m (Vibe, 1950). 
As has been long known, the composition of helminth faunas depends 
mainly on the diet of the host (cf. Dogiel [DogeI'], 1963, p 281]: "Es 
kann gar kein Zweifel daran bestehen, dass die Zusammensetzung eines 
Schmarotzerkomplexes in bestimmten Masse von der Art der Nahrung 
des Wirtes abhangt." Now, as an effect of climatic warming, with con-
sequent retraction of pack-ice northward beyond the northern margins 
of the continental shelf during the warmer months, the feeding habits 
of the walrus have been substantially altered. As has been observed by 
Ifiupiaq hunters along the arctic coast of Alaska, walruses have become 
more pelagic in habit, and they are feeding more often on ringed seals, 
and, perhaps, bearded seals. 
Lowry and Fay (1984) reported that remains of seals of 3 species 
were present in the stomachs of 5 of 364 walruses in the region of 
Bering Strait during 1952-1982. They found that in 1983, the remains 
of ringed seals were present in the stomachs of 5 of 44 walruses from 
the western Chukchi Sea, and they concluded that predation on seals 
had increased by the late 1970s. Remains of seals had been present in 
the stomachs of 8.6% of 35 walruses in the 1960s, with an increase to 
11.4% of 44 animals by 1983 (Lowry and Fay, 1984). 
Continuing warming in the Arctic predictably will modify the com-
position of the helminth faunas of pagophilic animals, due to the con-
sequent changes in feeding habits and of diets, because warming of the 
seas and reduced salinity can be expected to bring about changes in the 
species composition of pelagic and benthic invertebrate faunas. Also to 
be expected is a northward shift in the distribution of fishes of various 
species, already observed in the North Sea (Perry et aI., 2005). 
According to Fay (1982), the helminth fauna of the Pacific walrus 
consisted of about 16 species: 7 species of trematodes (including 5 
FIGUR E 2. Walruses on pack-ice near Barrow, Alaska. 
species of the genus Orthosplanchnus Odhner, 1905); 3 species of ces-
todes of the genus Diphyllobothrium Cobbold, 1858 (a fourth species 
of that genus was added by Rausch [2005]); an acanthocephalan, Cor-
ynosoma validum Van Cleave, 1953; and 2 species of nematodes, Trich-
inella nativa and Pseudoterranova decipiens. A more carnivorous diet, 
greater consumption of fishes , and changes in the species composition 
of the benthic fauna, as noted, may modify the diversity and prevalence 
of helminth species that are able to persist in walruses. 
Although the pattern of transmission of T. nativa in marine mammals 
is not understood (Rausch, 1970), the occurrence of that nematode prob-
ably would increase in walruses with their added consumption of such 
mammals as prey or carrion. If so, trichinellosis in indigenous peoples 
in the Arct ic also could become more fre<;luent. Roth (1949) reported 
an epidemic of trichinellosis among Ifiuit in western Greenland in April 
1947, invo lving >300 people, and Roth attributed this epidemic to con-
sumption of the meat of walruses; the nematode at that time was des-
ignated Trichinella spiralis (Owen, 1835). Most outbreaks since that 
time have involved fewer people. For example, 26 clinical cases were 
diagnosed at Barrow in 1975 (Margolis et aI., 1979). In the eastern 
Arctic , the prevalence of T. nativa seems to be higher (4%) in walruses 
in waters adjacent to Nunavik, Quebec, Canada, than in waters border-
ing Alaska (Simard, pers. comm.). In Nunavik, 13 outbreaks of tr ichi-
nellosis in people have been documented by the public health authorities 
since 1982, 9 outbreaks of which, involving 1 to 41 cases, had walrus 
as a source (Proulx, pers. comm.). The large size of walruses (males 
average 1,200 kg; Fay, 1982) favors sharing the flesh among numerous 
families. Although by tradition the Ifiupiat always cook the flesh of 
polar bears , in which typically the prevalence of larvae of T. nativa is 
high, they evidently thought unnecessary to cook the fl esh of walruses. 
The larvae of T. nativa are adapted for survival in the arctic-subarctic 
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environment. Larvae (designated T. spiralis) from the subarctic were 
found to tolerate several months of storage at subfreezing temperatures 
without loss of vitality (Brandly and Rausch, 1950). Britov (1972) dis-
tinguished the cold-adapted taxon as T. spiralis var. nativa, and it was 
elevated to the rank of species by Britov and Boev (1972). Its ability 
to tolerate low temperatures has been confirmed by several investiga-
tors. Dick and Belosovich (1978) found that larvae from muscle of a 
polar bear, obtained at Churchill, Manitoba, Canada, remained infective 
after 12 mo at -15 C. The larvae also are long lived, and they are able 
to remain infective for several years in carnivores. In a black bear, Ursus 
americanus Pallas, larvae introduced experimentally were recovered af-
ter 10 yr, exhibi ting little calcification of the capsule, and they were 
still transmissible to rodents (Rausch, 1970). In a po lar bear thought to 
have been exposed before capture as a wild cub, larvae were infective 
after 20 yr (Kumar et aI. , 1990). The scavenging by walruses on carrion 
of marine mammals (Freuchen, 1935, p 244) may be important in trans-
mitting T. nativa; freezing of such carrion would merely preserve the 
larvae. 
Although modifications of diet caused by effects of altered climate 
may be expected to produce changes in the composition of the helminth 
faun a of marine mammals in the Arctic, the relationship has not yet 
been discerned. However, such changes have been observed in helminth 
faunas, brought about by adaptation of an arctic mammal to atypical 
habitat, or when dietary modifications are induced by depletion of a 
major component of the normal diet. Examples of adaptation to a non-
arctic habitat are exhibited by the Caspian seal, Phoca caspica Gmelin, 
and by the Baika l seal, Phoca sibirica Gmelin, which are considered to 
be derived from populations of ringed seals , " ... that evolved in iso-
lation" (Jefferson et aI. , 1993, p 264). In the Caspian Sea, wherein 
salinity is less than half that of arctic seas, the Caspian seal harbors a 
1250 THE JOURNAL OF PARASITOLOGY, VOL. 93, NO.5, OCTOBER 2007 
helminth fauna consisting of about 13 species (Kurochkin, 1972): 6 
species of trematodes, 2 species of cestodes (including I species of 
Diphyllobothrium, evidently host specific), 1 acanthocephalan, and 4 
species of nematodes. By contrast, the ringed seal in arctic-subarctic 
habitat has a helminth fauna of ca. 21 species (Deliamure, 1955; Delia-
mure et aI., 1976): 3 species of trematodes, 6 species of cestodes, 5 
species of acanthocephalans, and 7 species of nematodes. Phoca caspica 
and P. hispida have only 2 species of helminths in common: a trema-
tode, Pseudamphistomum truncatum (Rudolphi, 1819), and the acan-
thocephalan Corynosoma strumosum (Rudolphi, 1802). Those, with Op-
isthorchis felineus (Rivolta, 1884), in the Caspian seal, are not only in 
marine mammals but also in terrestrial hosts. We are unable to find 
recent information about the helminths in the Baikal seal, in freshwater 
habitat, but only a single species of nematode was listed from this 
species by Deliamure (1955). 
The apparent modification of a helminth fauna by depletion of an 
important component of the typical diet was induced by overpopulation 
in sea otters, Enhydra lutris L., around Amchitka Island (Aleutian Is-
lands). After near extinction of this mammal in Alaskan waters by Rus-
sian promyshlenniki and by American hunters, the sea otter survived 
as only a vestigial population, but eventual protection permitted increase 
in their numbers. Sea otters around Amchitka rose to a maximum ob-
served density in the 1940s (Kenyon, 1969, fig. 74), and as a conse-
quence of overpopulation and perhaps other factors, the sea urchin 
Strongylocentrotus droebachiensis (Mueller), an important component 
of their diet, was depleted (Kenyon, 1969, p 129). Thus, the otters 
increased their consumption of fishes and hermit crabs, Pagurus hir-
sutiusculis (Dana), in which, respectively, the larval stages of the nem-
atode Pseudoterranova decipiens and of metacercariae of the trematode 
Microphallus pirum (Afanas'ev, 1941) occurred (Schiller, 1954). The 
death of many otters was attributed to the effects of intestinal perfora-
tion by the larval nematodes and of severe enteritis caused by massive 
infections by the trematode (Rausch, 1953). 
Reduction of sea-ice in the arctic basin and temporal changes in its 
seasonal presence have thus modified the habitat and behavior of some 
pagophilic pinnipeds and of the polar bear. Increasing warming of the 
Arctic is predicted to affect severely the patterns of nutrition, reproduc-
tion, and migration of those mammals and the physical condition of the 
mammals themselves. Modifications of helminth faunas, an indication 
of dietary changes, could be determined by means of systematic sur-
veys, which we strongly recommend as an integral part of investigations 
to assess consequences of climate change at high northern latitudes. 
The walrus would seem to be well suited for such surveys, to be un-
dertaken in cooperation with the indigenous people. Its helminth fauna 
is well known, involving a moderate number of species, of which at 
least I species, T. nativa, is of interest for public health. 
We express our gratitude to M. Simard and J.-F. Proulx, Nunavik 
Research Center, Kuujjuaq, Quebec, Canada, for contributing informa-
tion on trichinellosis in walruses in eastern Canada. The photo in Figure 
2 was taken by R.L.R., II August 1953. 
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The American Society of Parasitologists (ASP) announces our 83rd Annual Meeting 
to be held at the Hilton Arlington in Arlington, Texas, from June 27-30, 2008. 
Members and non-members are invited to submit abstracts for papers they intend 
to present as an oral presentation, poster, or if you are an invited speaker, as a 
contribution to one of our symposia or workshops. For all types of presentations, 
abstracts must be received on or before the deadline: March 7, 2008. The scientific 
Program & Abstracts booklet will be prepared from the abstracts received and will 
be available both on the ASP web site (http://asp.unl.edu.) and the Allen Press 
web site (TBA) in early May. Everyone registered for the meeting (either in advance 
or on site) can pick up their copy of the Program & Abstracts booklet at the 
meeting's registration desk in the Hilton Arlington. Additional copies of the 
Program may be purchased ($10.00 u.S. per copy) at the registration desk at the 
meeting or from Allen Press after the meeting. Please read and follow all instructions 
carefully to reduce confusion and save time and stress. Thank you! 
Registering for the Meeting 
At present, you can register for the meeting only with a hard copy registration 
form (print from http://asp.unl.edu). That form can be submitted with either a 
check or your credit card information. If you choose to register using a credit card, 
you will need to provide all the requested information (credit card type, number, 
expiration date) and an original signature on the form. In addition, you will be 
asked to add $5 to the registration costs for processing. Mail this form, either with 
your check or complete credit card information and signature to: Dr. John Janovy, 
Jr., ASP-2008, School of Biological Sciences, University of Nebraska-Lincoln, 
Lincoln, NE USA 68588-0118. Make your check payable to "ASP-2008." 
Electronic Registration 
As of this time, only checks and credit card charges submitted with original signa-
ture can be processed. On-line registration mechanisms and charges are still being 
negotiated with Allen Press. See the ASP web page (http://asp.unl.edu) or send an 
e-mail to jjanoVY1@unl.edu with the subject line "ASP" to be added to the listserv 
for on-line registration information as it becomes available. 
Costs: On/Before May 23 After May 23 
ASP Member ............................................... $180 ..................................... $210 
Student Member :j: •••••••••••••••••••••••••••••••••••• $ 80 ..................................... $100 
Non-ASP Member t .................................. $225 ............... r ••••••••••••••••••••• $260 
Accompanying Person ................................ $ 80 ..................................... $100 
Legends of the Game Museum 
Reception (Sunday 29th) * ................. $ 40 ..................................... $ 40 
t Non-members (both post-graduate and students) may join ASP ($75 and 
$15-35, respectively); the application form can be found at 
http://asp.unl.edu; click on the "Join the ASP" link on the left, download the 
form, complete it, and mail it to "John Janovy, Jr., ASP, School of Biological 
Sciences, UNL, Lincoln NE 68588-0118 USA." 
:j: Must be accompanied by a Certification of Student Status Form 
(go to http://asp.unl.edu). 
* Legends of the Game Baseball Museum is 24,000 square feet, on 3 levels, that 
features the history of baseball, special features on the Texas Rangers, and a 
panoramic view of Rangers Ballpark. Its exhibits, photos and computer 
interactives provide a unique and entertaining environment for sports fans 
and non-sports fans alike. A perfect place for a stand-up reception with 
cocktails and hors d' oeuvres - don't miss it! 
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Friday, March 7,2008 
Receipt of all abstracts 
via theWWW. 
ASP Marc Dresden 
Student Travel Grant 
and Student Paper 
Competition 
applications. 
Friday, May 16,2008 
Inquiries about 
scheduling/ acceptance 
of abstracts may be 
made to the ASP 
Scientific Program 
Officer after this date. 
Friday, May 23,2008 
Early Meeting 
Registration forms 
are due. 
Thursday, June 5, 2008 
Hotel reservations must 
be made to secure the 
ASP conference rate for 
both regular rooms and 
student. quads. 
Please follow all directions 
when submitting abstracts and 
when registering on-line for the 
meeting and the hotel. 
- CALL FOR PAPERS 
Airport 
Direct flights on most commercial 
airlines from anywhere in the world 
can easily be made to the Dallas/ 
Fort Worth (DFW) International 
airport. Southwest Airline flights 
also are available, but these arrive 
at Love Field in Dallas, a 30-minute 
drive from the Hilton Arlington. 
Ground. Transportation 
The Hilton has a free shuttle bus 
from DFW (but not from Love 
Field) to the hotel. When you arrive 
at DFW call the main switchboard 
at the Hilton (817-640-3322). 
Tell them the gate and terminal of 
your location and they will send the 
driver out. You will need to retrieve 
your luggage at your assigned 
baggage claim and proceed to the 
Lower Level. The shuttle is only 
allowed to pick up passengers on 
the lowest level. 
SuperShuttle 
The current rate from Love Field is 
$26.00 per person for one way. 
Download a $2.00-off coupon from 
the ASP website. 
Rental Vehicles 
Enterprise Rent-A-Car 
ASP has arranged a discount 
(Cars, vans, etc.) for the conference 
with Enterprise. 
Website: www.enterprise.com 
Corporate Discount Code: 
09C6599 Pass code: ASP 
Vehicles can be rented from DFW or 
Love Field Airports, or you can save 
an extra 20% in taxes by having 
Enterprise deliver your vehicle to 
your hotel. 
For hotel delivery, group rates, 
vehicle options, or questions, please 
contact Trevor Armstrong with 
Enterprise at 817 -244-3526 or 
-Hilton Arlington 
2401 East Lamar Boulevard 
Arlington, Texas, US 76006-7503 
Tel: 1-817-640-3322 Fax: 1-817-633-1430 
Our meeting venue this year is the Hilton Arlington, a superb location in 
North Texas that is convenient for touring Dallas, Forth Worth, or Arlington itself. 
Situated just 10 miles south ofDFW International Airport, the hotel offers 16 stories 
of comfort in the heart of the entertainment district of Arlington. Within one mile 
of the Hilton you can enjoy Texas Ranger games at Rangers Ballpark, exciting rides .1 
at Six Flags over Texas or Hurricane Harbor, and numerous museums, shopping;; 
sightseeing, and other activities. The Hilton Arlington has a block of 520 room 
nights reserved for our members during our meeting. Room rates are $120 (+ 15% 
state and local tax) for a standard single/double room and all reservations must be 
made before NOON, June 5, 2008 to receive our group rate. Convention rates 
for the ASP Meeting are not available by online wholesalers (e.g., Priceline.com) 
and you jeopardize fulfilling our guaranteed room block by doing so. Twenty rooms 
have been designated especially for student occupancy at the reduced rate of $85.00 
per room with quad occupancy. 
Note that parking at the Hilton will be FREE for everyone who is staying there 
during our meeting. Information to schedule the shuttle (and other transportation 
options) will be posted in the Program & Abstracts booklet which will be available 
online prior to the meeting. 
Hotel.Reservations-General 
Each individual guest must make their own reservations. You can do this on-line 
by accessing the following link to make your reservation: http://www.hilton.com/ 
en/hi/ groups/personalized/ arlahhLasp/index.jhtml or you can call 817-640-3322, 
ext. 6606. When you call, be certain to identify yourself as an ASP member; everyone 
will need to guarantee a first night room deposit with a major credit card. 
Hotel Reservations-Student Quads 
Unfortunately, there are no parasitologists at UT-Arlington; thus, there is no local 
committee to help you (students) with scheduling roommates for quads. However, 
our elected Student Representative will work with students registering for the 
meeting who want to share a quad. She will help you get organized and then will 
communicate directly with our representative at the Hilton, to provide her the name 
of the one person for each quad who will be responsible to secure the room with a 
credit card and be responsible to pay the bill at checkout (students sharing quads 
will need to work out their portions of the room cost with each other). Our Student 
Representative this year is Carrie Fyler (caroline.fyler@uconn.edu) and you can 
contact her when you are ready to make your room reservation. Carrie also has 
been in contact with last year's Student Representative, Liz Thiele, who will help 
her set up this year's ASP students' message board, so you will be able to 
communicate with each other and pair up to share rooms. More information and 
the url to follow. 
trevor.armstrong@erac~. ____ co~m=-. ________________________________ _ 
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-Abstracts must be submitted online (http://biology.unm.edu/asp) where you will 
find all the instructions for your submission(s). The deadline for receipt of 
abstracts is Friday, March 7, 2008. Everything in the meeting Program & 
Abstracts booklet is entered, formatted, edited, and produced electronically 
at The University of New Mexico. Please carefully read the directions below, and 
follow them. 
Acceptance/Scheduling of Abstracts 
Most abstracts, except those designating new taxa, will be accepted. Multiple papers 
being presented by one author may be restricted to two or three, with the remainder 
designated as posters at the discretion of the Scientific Program Officer. Notification 
of acceptance and/ or scheduling of your paper is not automatic. If you need a letter 
to present to your administration stating that your abstract has been accepted, 
please be sure to check that box on the Web submission page. If you need to know 
the time and date that your paper is scheduled, please e-mail the ASP Scientific 
Program Officer for this specific information, but not before May 16, 2008, or you 
can check at http://biology.unm.edu/asp or http://asp.unl.edu, where an electronic 
copy of the final Program & Abstracts booklet will be posted after that date. 
Preparing Your Abstract(s) 
All abstracts MUST be submitted in English. When writing your abstract, both the 
title and the content are important components. The TITLE should be short, concise, 
and indicative of the abstract; omit "the" wherever possible. Avoid general words 
like "Studies on" or "Investigations of." Use words with index retrieval value. On 
the Web abstract-submission page, you will be asked to indicate the presenting 
author of the paper or poster, which will be indicated by an asterisk (*) in the 
Program & Abstracts. The CONTENT should be a single paragraph of no more 
than 2,100 characters (including spaces, punctuation and HTML codes introduced 
by the abstract submission program) containing a concise statement of: (1) the 
problem under investigation; (2) the experimental methods used; and (3) the 
essential results obtained. The text should cite quantitative data from representative 
experiments or summary data. Scientific names should be written in full when 
first used, but on repetition abbreviate the genus name with the first letter of the 
genus only. Italicize all scientific names (as instructed" on the Web abstract-
submission page). We do not desire to prevent discussion of new taxa, but abstracts 
and/ or titles which constitute the first designation of new taxa will not be accepted. 
Thus, do not use genus and species names of new taxa anywhere in your abstract. 
Submitting Your Abstract(s) 
Submit your abstract(s) via our Web page (http://biology.unm.edu/asp): 
Log-in as "asp" and use "parasites" as the password. Follow all directions, 
fill in all the boxes, and press "Submit." You will receive confirmation and a 
copy of your submitted abstract via a confirmation Web page; please print out this 
page so as to have your confirmation number. 
Note: Your abstract will be limited to 2,100 characters (all letters, punctuation, 
spaces, and HTML codes). Also note that the function to write/correct your 
abstract(s) and related information will be disabled at midnight on Friday, March 
7,2008. 
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Symposia and Workshops 
In addition to our regular oral 
and poster presentation on a 
wide variety of topics, we have a 
number of symposia and work-
shops in the planning stages. 
Drs. Steve Nadler and George 
Cain, our President and Vice 
President, respectively, are plan-
ning an exhilarating President's 
Symposium (TBA). Another 
symposium, "Identifying and 
Interpreting Parasites from 
Archaeologi~al Sites," will be a 
combination of posters and mi-
croscopes with real parasites 
from Peru, Chile, Brazil, Mexico, 
and the USA. This one is being 
organized by Drs. Karl Rein-
hard and Jose G. de Araujo 
Adauto and other participants 
may include Drs. Chuck Faulk-
ner, Katharina Dittmar, and 
John Hawdon. The 40th 0) 
Coccidiosis Conference, will 
include both the scientific portion 
and a hands-on workshop to 
follow; it is being organized by 
Drs. John Barta and R. Scott 
Seville. The workshop portion 
will attempt to link taxonomy and 
systematics (i.e. alpha and beta 
taxonomy) of the coccidia and 
will involve wet lab methods of 
collection and preservation/ 
sporulation along with demon-
strating basic methods assoc-
iated with handling coccidia. 
Attempts will be made to include 
experts working with coccidia 
from mammals, birds, amphi-
bians and fish. Dr. Mike Sukh-
deo has organized an Associate 
Editors Symposium, "Parasite 
Ecology, Evolution and Genetics 
- Old and New Dogma," which 
will be moderated by Dr. Jerry 
Esch, our Journal's long-time 
CALL FOR PAPERS 
Editor and will include pertinent 
discussions by Sukhdeo (be-
havior/ecology), Cam Goater 
(ecology / epidemiology) and 
Dante Zarlenga (genetics/ 
evolution). We are still looking to 
add 4 other symposia (TBA) by 
distinguished parasitology col-
leagues from around the world. 
Dr. Aaron Maule, Queen's 
University Belfast, will be a-
warded the 2008 Bueding von 
Brand Award and Dr. Donald 
Duszynski, The University of 
New Mexico, will be presented 
with the ASP Clark P. Read 
Mentor Award. Additionally, we 
will have the Stoll-Stunkard 
Lecture (TBA), the winner of the 
H.B. Ward Medal Lecture 
(TBA) and the R. Barclay 
McGhee Lecture (TBA). 
ASP Receptions 
Our Opening/Welcome Recep-
tion will be held on the area 
around the swimming pool at 
the Hilton the evening of Friday, 
June 27. We will eat and drink 
and make merry to a Jimmy 
Buffett theme, so plan accord-
ingly. On Sunday evening we are 
planning another reception 
(because we can) in a spectacular 
and educational setting, at the 
Legends of the Game Baseball 
Museum located adjacent to 
Rangers Ballpark, home of the 
Texas Rangers. If there is a home 
game that evening (2008 sche-
dules don't come out until Nov-
ember), we can arrange for those 
who are interested to get discount 
tickets for the game. 
Student Social 
A Student Social is being planned 
for all ASP students; the date and 
time will be announced at the 
meeting. 
. ' 
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Electronic Presentations-MS PowerPoint® 
MS PowerPoint® is the presentation standard for the meeting and presenters must 
use the PC computer provided in their session. The use of personal laptops of any 
kind (PC or Mac) will not be allowed. Speakers should bring their presentation 
stored on CD-R, USB Flash Drive, or USB Pen Drive only; other storage formats 
may not be supported. Presenters must download their files to the PC of their session 
at least 30 minutes before the start of their session. Presenters are encouraged to 
save their presentation using the "Pack and Go" feature of PowerPoint®, especially 
if digital MPEGs (Moving Pictures Experts Group) or special fonts are used (detailed 
instructions for this procedure are in PowerPoint® "Help"). To ensure that each 
packed presentation is functional before you leave home, you are encouraged to . 
unpack and run the presentation on a different computer than was used to create 
the presentation. Mac users can use the in-house systems if their files are saved 
with the "Pack and Go" feature. The onus will be on presenters to verify the 
compatibility of their files with the computers in use at the Hilton Arlington. 
There will be a computer available in the Speakers Ready Room on which you can 
test your files. The standard presentation is 12 minutes plus 3 minutes reserved for 
questions and answers, unless otherwise indicated by the moderator. A laser pointer 
will be provided by the session moderator. One last word about PowerPoint® 
presentations: project your presentation and then view it from where the audience 
sits. If you can't read it, neither can they. Use contrast to your advantage, especially 
in labels. Blue or red letters in black boxes cannot be seen! White backgrounds are 
considered by some professionals to be the best. If you must use the "diazo" blue 
background, then consider lettering in bright white or bright yellow. Most other 
colors will not show up well. Keep the number of text lines to 9 to 10, or less, per 
slide. If you have to say, "[ know you can't see this, but ... ,"then omit it!! Last, you 
are not obligated to use every font, color and/or feature that Microsoft® puts in its 
program. Use fonts, colors and features both consistently and judiciously. Your 
audience will thank you and, if you are giving a student presentation, it will improve 
your presentation. Remember, your science is on display, not your computer skills. 
Poster Presentations 
The poster session provides an additional means of substantive discussion 
of papers for members attending the Meeting. No competing activities will 
be scheduled during the poster session (unless absolutely unavoidable). 
Papers scheduled for presentation in the poster session are grouped by category, 
numbered, and listed with their abstract in the Program & Abstracts booklet. Each 
numbered poster will be .allotted a correspondingly numbered 4' x 4' space (122 x 
122 cm). Indicate the abstract number, title, and name(s) of the author(s) at the 
top of the poster so that it may be identified easily; the lettering for this heading 
should be at least 1 inch (72 points) high. A copy of your abstract should be posted 
in the upper left-hand corner of your poster. 
Please Note: Posters can be in English or Spanish, but the abstract posted in the 
left-hand corner of your poster must be in English. 
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-Friday, June 27th 
ASP Council Meeting ....................................................................... 8:00 a.m.-Noon 
2-3 oral paper sessions or symposia ............................................... 1:00-5:00 p.m. 
Welcoming Reception, Pool Area ................................................... 7:00-10:00 p.m. 
Saturday, June 28th 
ASP President's Symposium ........................................................... 8:30-10:30 a.m. 
Stoll-Stunkard Lecture .................................................................. 11:00 a.m.-Noon 
4-5 oral paper sessions/symposia ................................................... 1:00-5:00 p.m. 
19th Annual ASP Auction Preview & Auction ................................ 7:00-10:00 p.m. 
Sunday, June 29th 
1-4 oral paper sessions/symposia .................................................. 8:30 a.m-Noon 
1-4 oral paper sessions/symposia ................................................... 1:00-5:00 p.m. 
Legends of the Game Museum Reception ...................................... 6:00-8:00 p.m. 
Monday, June 30th 
1-4 oral paper sessions/symposia (if needed) ............................... 8:30-10:00 a.m 
Poster Session ........................................................................ 10:30 a.m.-12:30 p.m. 
H.B. Ward Medal Lecture ................................................................ 2:00-3:00 p.m. 
ASP Awards & Business Meeting ..................................................... 3:00-4:30 p.m. 
-Yet again, we are asking you to search your attics, basements, out -buildings, or 
(dare we hope?) coffers or safety deposit boxes for donations to our Annual Auction 
to raise funds for student travel to meetings. Serious, humorous ... whatever you 
come up with ... it's all grist for the auction mill and will be much appreciated. You 
may bring your donationes) with you to the meeting and turn it/them in for 
documentation when you register. Since there is no Local Committee this year there 
is no option to send your item(s) to Arlington. However, you can give them to fellow 
members to bring them for you if you are unable to attend. 
If you have any questions about the auction or about item~ you may wish to donate, 
please contact: 
Dr. Kelli Sapp 
High Point University 
833 Montlieu Avenue 
High Point, NC 27262 
336/ 841-4534 
ksapp@highpoint.edu 
Ms. Lee Couch 
Department of Biology 
MSC 032020 
1 University of New Mexico 
Albuquerque, NM 87131-0001 
505/277-2400 
lcouch@unm.edu 
Marc Dresden Student Travel (MDST) Grants 
Applications and directions for MDST Grants are on the ASP web page (http:j / 
asp.unl.edu). The deadline for MDST Grant applications and to enter the Student 
Paper Competition is the same as the deadline for receipt of abstracts, Friday, 
March 7, 2008. The chair of this year's committee is Dr. Tamara J. Cook 
(tcook@shsu.edu), Box 2116 SHSU, Huntsville, TX 77341-2116 USA, 936-294-1557 
(w); 936-294-3940 (fax). 
6 
ASP Scientific 
Program Chair 
Donald W. Duszynski 
Department of Biology 
MSC 032020 
1 University of New Mexico 
Albuquerque, NM 87131-0001 
505-277-2704 
eimeria@unm.edu 
ASP Student Liaison 
Carrie Fyler 
University of Connecticut 
Department of Ecology & 
Evolutionary Biology 
75 N. Eagleville Road U-3043 
Storrs, Connecticut 06269 
860-486-1882 
caroline.fyler@huskymail. 
uconn.edu 
Student Paper 
Competitions 
ASP students are eligible for the 
"Best Oral Student Paper" award. 
Applications for the competition 
as well as the specific directions 
are on the ASP web page (http:// 
asp.unl.edu). The deadline for 
Student Paper Competition 
applications is Friday, March 7, 
2008. For students competing in 
the oral paper competition, 
remember that both the ASP 
Scientific Program Officer 
(Duszynski) and the Chairman of 
the ASP Student Awards Com-
mittee (Dr. T. Cook, see bottom 
left) must receive one copy of 
your Application Form (copy 
from http://asp.unl.edu) and 
your abstract. 
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• I 
COVER CAPTION: Sarwaria caballeroi n. comb., showing characters of the female genital system. Ovejectors, lateral view, 
showing structure of vulva (vu), anterior and posterior infundibula (inf; between dotted lines and arrows), sphincters (sp) (be-
tween white arrows) demarcated as sphincter 1 (sl) and sphincter 2 (s2), and vestibule (ve). Figure 5 from Hoberg and Abrams 
90: 1140-1150. 
